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ABSTRACT

Crushed natural rock salt is a primary candidate for use as backfill and barrier material at the
Waste Isolation Pilot Plant (WIPP) and therefore Sandia National Laboratories (SNL) has been
pursuing a laboratory program designed to quantify its consolidation properties and permeability.
Variables that influence consolidation rate that have been examined include stress state and
moisture content. The experimental results presented in this report complement existing studies
and work in progress conducted by SNL. The experiments described in this report were designed
to 1) measure permeabilities of consolidated specimens of crushed salt, 2) determine the influence
of brine saturation on consolidation under hydrostatic loads, and 3) measure the effects of small
applied shear stresses on consolidation properties. The laboratory effort consisted of 18
individual tests: three permeability tests conducted on specimens that had been consolidated at
Sandia, six hydrostatic consolidation and permeability tests conducted on specimens of brine-
saturated crushed WIPP salt, and nine shear consolidation and permeability tests performed on
crushed WIPP salt specimens containing 3 percent brine by weight. For hydrostatic consolidation
tests, pressures ranged from 1.72 MPa to 6.90 MPa. For the shear consolidation tests, confining
pressures were between 3.45 MPa and 6.90 MPa and applied axial stress differences were
between 0.69 and 4.14 MPa. All tests were run under drained conditions at 25°C.

Results of the hydrostatic consolidation tests on brine-saturated specimens show, not surprisingly,
that consolidation rate increases with pressure. These data alone cannot be used to infer a
difference in consolidation rate between damp and saturated specimens subjected to hydrostatic
load, although that result has been observed in previous studies by SNL. Shear consolidation
tests show that for small axial stress differences there is no systematic correlation between the
magnitude of the stress difference and the consolidation rate.

Permeabilities decrease as specimen density increases. Fits to the permeability-versus-density
data show that permeability decreases approximately two orders of magnitude as fractional
density increases from 0.9 to nearly 1.0. Values of permeability over this range of fractional
density were between 6 x 10"18m 2 and 3 x 10-22m2.

* This report was prepared by RE/SPEC Inc. for SandiaNationalLaboratoriesunderContractNo. 69-1725.
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1.0 INTRODUCTION

1.1 Background

The U.S. Department of Energy (DOE) is planning to dispose of transuranic (TRU) wastes

at the Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico. The WIPP is expected

to be a repository for both contact-handled (CH) and remotely handled (RH) TRU wastes and

comprises both surface and underground facilities. The current mission of the WIPP is to provide

a research and development facility to demonstrate the safe management, storage, and disposal

of radioactive TRU waste resulting from defense programs of the U.S. Government.

The WIPP underground facility is located in the bedded salt of the Salado Formation at a

depth of about 655 m. Ultimately, this facility will include eight storage panels of seven rooms

each in addition to the rooms currently used for research activities and access rooms and shafts.

Disposal system activities will include studies of seal and barrier materials because before the

facility is decommissioned, seals will be placed in shafts and other critical points within the

repository to retard fluid flow.

Crushed salt is a primary candidate backfill and seal material for use at the WIPP. Crushed

salt is an attractive material because it will be produced in large volumes during mining of the

access and storage rooms and is geochemically compatible with the host rock, i.e., rock salt. It

is expected that the crushed salt will consolidate into a cohesive mass with low permeability

comparable to that of intact salt. Consolidation is expected because the rooms and shafts will

close with time as a result of creep deformations in the surrounding intact salt. Therefore, the

mechanics of crushed-salt consolidation and the effect of consolidation on permeability are

important in order to predict the times required for various permeability reductions.

Sandia National Laboratories (SNL) is responsible for investigation of the mechanics of

crushed salt consolidation (Holcomb and Hannum, 1982; Holcomb and Shields, 1987; Holcomb

e.ad Zeuch, 1988; Zeuch, 1989; Zeuch, 1990; Zeuch and Holcomb, 1991; Zeuch et al., 1991).

The objective of these studies is to develop a constitutive model for crushed salt that can be used

in structural analyses to assess the compliance of the WIPP with regulatory,requirements (Zeuch

et 8.1.,1985; Sjaardema and Krieg, 1987; Zeuch, 1990). In addition, it is important to develop

relationships between density and permeability. This report presents results of consolidation and

permeability experiments performed on specimens of crushed WIPP salt. The 15-test



experimentalmatrixwas designedby Dr. D. H. Zeuch (GeomechanicsDepartment6117, SNL),
and complements datacollected by SNL.

1.2 Scope

Three types of experiments were performed. The first type consistedof threepermeability
tests performedon crashed-saltspecimens that had been preparedand consolidatedby $andia
National Laboratories. One of these three tests was terminated prematurelywhen the Viton

jacket that protected the specimen from silicone oil (used to apply the hydrostatic stress)
ruptured.The ruptureprobablyoccurredpriorto testing,but was notdetecteduntil thespecimen
was pressurized. No permeability measurementswere attemptedon this specimen. The second

type of experiment consisted of hydrostatic consolidation and permeabilitytests conducted on
brine-saturatedcrushedWIPPsaltspecimenspreparedat RE/SPECInc. Consolidationpressures

ranged from 1.72 to 6.90 MPa and consolidation proceeded until Sandia-specifiedvalues of
fractional density were reached. Hydrostaticstresswas then decreased to half of the test value

and a permeability test was conducted. The last class of experiment consisted of nine shear
consolidation and permeabilitytests conducted on crushed WIPP salt specimens preparedat
RE/SPECInc. containing 3 percentbrine by weight. The specimens were consolidated for 60
daysat confiningpressuresrangingfrom3.45 to 6.90 MPaandat axial stress differencesbetween
0.69 and 4.14 MPa. After consolidation, a hydrostaticstress equal to half of the formermean

stress was applied and a permeabilitytest was performed. All permeabilitieswere measured
using apparatusand proceduressimilarto those used by Stroupand Senseny (1987) and Pfeifie
(1989). The second and third experiments will be referred to in this report as consofida-

tion/penneabilitytests becauseboth theconsolidationand permeabilitystages wereconductedby
RE/SPECInc.

1.3 Report Organization

Including this introduction, this reportcontainsseven chaptersandnineappendices. Chapter
2.0 describesthe specimens used in this study. Chapter3.0 describes the testing apparatusand
is followed by Chapter4.0, which describestest procedures. ChapterS.0 gives the test results

and a discussion of results. The report is concludedby a summarychapter,Chapter6.0, and a
list of cited referencesgiven in Chapter7.0. AppendixA contains a reportauthoredby Twin
City Testing and summarizestheirchemical analysesof crushedW1PPsalt. A memorandum

writtenby Dr.C. L. Stein and addressedto Dr. DarrellE. Munsonthat discussesthe mineralogy



of WIPPsalt is given in AppendixB. AppendixC containsa summaryof thetransducercalibra-

tion and verificationdata. AppendixD containsplotsof fractionaldensityas a function of time

for all consolidation and permeability tests. Appendix E contains model fitting results for
hydrostaticconsofidationtests and AppendixF containsbrine flow datafor permeabilitytests.
Appendices G throughI providedatashowing the stability of environmentalconditions during
consolidation/permeability tests. AppendixG contains plots of axial stress-versus-timefor all
shear consolidation tests. Plots of confining pressure-versus-timeare given for all tests in
Appendix H, and temperature-versus-timedatafor all tests are given in Appendix I.





2.0 SPECIMENS

This chapter is divided into two sections: Section 2.1 describes Sandia-fumished specimens

used for permeability tests, and Section 2.2 describes the characterization and assembly of

specimens prepared by RFJSPEC and used for consolidation/permeability tests.

2.1 Sandla-Furnished Specimens

2.1.1 Specimen Acquisition

Three specimens of consolidated crushed salt were received in two separate shipments from

Division 6117, Sandia National Laboratories. The shipments arrived at RE/SPEC Inc. on October

15, 1990 and January 25, 1991, respectively. The specimens were packed in boxes (in one case,

wood, and in the other, cardboard) with thick foam padding for protection from damage during

shipping. Specimen temperature was measured upon arrival for the latter shipment by placing

a thermoeouple alongside one specimen and re.sealing the container. There was no evidence of

exposure to cold or moisture for either shipmenL The specimens were logged into RE/SPEC's

computerized core inventory system and then placed in an environmentally controlled storage

area until they were tested. Specimen 20SEP89 arrived in the first shipment and Specimens

19JUN90 and 20JUN90 arrived in the latter shipment. The specimen identifications were

provided by Sandia and correspond to the date on which Sandia initiated testing.

2.1.2 Specimen Dimensions

The specimens used in this study had been consolidated previously in a testing program

conducted by SNL, and therefore, arrived assembled in metal endcaps and protective sleeves (i.e.,

jackets). The specimen assembly used for 20SEP89 is shown in Figure 2-1. Sandia later

improved the specimen assembly by changing the location of the porous felt metal and the new

configuration shown in Figure 2-2 was used for 19JUN90 and for tests on RE/SPEC Inc.-

furnished specimens. In calculating permeability from laboratory flow measurements, specimen

length and diameter are required. Specimen dimensions could not be obtained directly without

causing appreciable damage to the specimen (as a result of removing endcaps and jacketing

materials). Therefore, dimensions were determined indirectly by making measurements of the
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Figure 2-1. Specimen assembly for Sandia-fumished Specimen 20SEP89.
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Rm-19742.107

Figure 2-2. Specimen assembly used for Sandia-fumished Specimen 19JUN90 and for all
hydrostatic and shear consolidatioWpermeability tests.



fully assembled specimen and correcting these measurementsfor non-specimen components.
Measurementsweremadeaftereach specimenwas placedundera vacuumof approximately630

mm of mercuryfor 2 hours. This methodwas used so thatair trappedbetween the jacketing
materials and the specimen and at other component interfaces within the assembly could be
removed. The dimensions of the specimens are summarizedin Table 2-1. The volume of

Specimen20SEP89 and fractionaldensities of Specimens20SEP89and 19JUN90weremeasured

by Sandia after the consolidation stage was completed. Their data, given in Table 2-2, shows
very good agreementwith the volume calculated from the length and diameterdata given in

Table 2-1. This implies that the indirect specimen measurements given in Table 2-1 are
reasonablyaccurateand that verylittle or no relaxationoccurredduringthe time intervalbetween

completion of the consolidation stage at Sandia and initiation of the permeabilitystage at
RE/SPECInc.

Table 2-1. Summaryof SpecimenDimensions

Pre.Test(') Post.Test_')

Specimen Specimen Dimensions Specimen Dimensions

I.D. Length Diameter Length Diameter
(mm) (ram) (ram) (mm)

iI,

20SEP89 125.06 91.32 124.01 90.72

19JUN90 119.57 89.14 118.55 87.82

20JUN90 129.94 90.47 (b) (b)

(a) Data were correctedfor non-specimencomponentdimensionsof L=189.91 mm
and D--.6.73mm.

(b) No datadue to jacket rupture.

Length measurements of the assembly included the specimen, the beveled faceplates, the
porous felt metal, and the metal endcaps (platens), but not the endcap nipples. Measurements

of the diameterincludedthe specimen and the twojacketingmaterials. The dimensionsof these
materialswere obtainedfrom the Sandia Rock MechanicsLaboratoryand were subtractedfrom

the direct measurements. Direct length and diameter measurements were performedin six

locations on each specimen. The dimensions shown in Table 2-1 represent the averagesof
multiple measurementsmade at the selected locations. Specimen identification numberswere

providedby Sandia and arealso shown in the table.



Table 2-2. Volume Measurementsfor Specimen 20SEP89

Volume
Specimen ................ Fractional

ID Calculated(.) Measured Density
(m') (me)

20SEP89 .000819 .000799 0.96

19JUN90 .000746 .000746 0.98

(a) Calculated from the length and diameter data in Table 2-1
assuming specimen is a fight circular cylinder.

2.1.3 Post-Test Disposition

After the testing was completed,the Sandia-fumishedspecimens were returnedto Division
6117, SandiaNational Laboratories.Thespecimenswere shippedto Sandiaon October22, 1991.

2.2 Consolidation/Permeability Specimens

2.2.1 Acquisition

Specimens consisted of crushedsalt and brine. The crushed salt was provided by Sandia

NationalLaboratoriesand was producedby a continuousminerduringdevelopmentof the WIPP
test facility. The mine-runsalt containsparticles thatrange in size up to several centimeters.

Specimens were manufacturedfrom these rawmaterialsat RE/SPECInc.

2.2.2 Particle Size Distribution

Because the test specimens have a nominal diameterof 102 mm, the mine-run salt was

sieved to remove particles larger than 9.5 mm to produce a specimen-diameter,,to-maximum-

particle-size ratio of about 10. This producedtwo sample fractions: a smaller particle size



fraction containing all particles that passed though the 9.5-mm sieve and a largerparticle size
fraction. The particlesize distributionof the smaller fractionwas determinedfirst. Using a
sample splitter,a 3-kg samplewas obtainedand driedand then split into three 1-kg samples (the

drying procedureand results are given in Section 2.2.3). Each l-kg sample was sieved through
a stack of stainlesssteel sieves mountedin a mechanical sieve shaker. The sieve sizes were0.6

ram, 1.0 mrr,,1.4 mm, 2.0 mm, 2.36 mm, 2.8 mm, 3.35 mm, 4.0 ram, 6.3 mm, 8.0 mm, and 9.5

mm. The particlesize distribution,determinedby measuringthe mass of material remainingon
each sieve, _ shown in Figure 2-3 and labeled "Original Small Fraction."

The largerparticlesize fractionwas crusheduntil all particlespassed throughthe 9.5 mm
sieve. A proportionalamountof this crushed material was then mixed with the original small
fraction. (The amountof coarsematerial was proportionatelyreducedto compensatefor the3-kg

that had been removed from the finersample.) The reasonfor this remixingwas to preservethe

in situ composition andimpuritycontent of the salt. This mixed saraplewas split to obtain a 5-
kg sample which was furthersplit into a 2-kg and a 3-kg sample. The 2,kg sample was saved
for chemical analyses (see Section 2.2.5) and the 3-kg sample was dried. (Drying results are

given in Section 2.2.3.) The 3-kg samplewas then divided into threeequal partsand sieved to
obtain the particle size distributionsshown in Figure 2-3 and labeled "Final Mixed Sample."
The data show good reproducibilityand thereappearsto be no significantdifferencebetween the

particle size distributionsmeasured before and after adding the crushed larger particle size
fraction. Holcomb and Shields (1987) sieved several batches of crushed WIPP salt and the

envelope that contains theirdata is also shown in Figure 2-3. The currentdata fall within the;

window expected based on the work of Holcomb and Shields.

2.2.3 Moisture Content

Moisturecontents of the smaller particlesize fractionand of the mixed particlesize fraction

• were determined using the same method. A 3-kg sample of each materialwas placed in a drying
oven and dried at a temperatureof 110°C until it reacheda constantmass for a minimumof 2

days. The mass was determinedusing a Sartoriusbalance having a resolutionof 0.01 g. The
moisture contentsbased on dry weight were 0.1813 percent and0.1523 percentfor the smaller
and mixed particlesize fractions,respectively.
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Figure 2-3. Particlesize dislribufionmeasuredfor crushedWIPP sail
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2.2.4 Manufacture of Brine

Brine was manufacturedfrom the final mixed sample. A sample of salt sufficient to
manufacture20 gallons of saturatedbrinewas obtainedusing the sample splitter. This material

was groundto a fine powderusing a flour mill and was then mixed with distilled wateruntil it
precipitatedout of solution. The densityand moisturecontent of the brine were then measured.
A 100-ml graduatedcylinder was filled with brine and allowed to rest for several hours while
all airbubbleswere dislodged from the cylinder sides. The volume and mass of the brine were

then measured. This measurement was repeated nine times and a value of brine density of

1,208 4. .001 kg •m"3was determined. Approximately500 ml of brine were then placed in a

drying oven for 10 days until the mass stabilized. The brine was found to be 26.53 percent
solids by weight. A fully saturatedsolution of salt and water at 20°C contains 26.43 percent
solids by weight and has a density of 1,199 kg • m"3. These two measurements are both

consistent with using a value of 1,200 kg • m"3for the density of brine.

2.2.5 Impurity Content

RFJSPECInc. does nothave the facilities for performingquantitativechemicalanalyses, and

so this work was subcontractedto Twin City Testing of Rapid City, South Dakota. Three

nominally identical samples of the mixed fraction of WIPP salt were given to the testing

laboratory. They determined the weight percent of calcium, chloride, magnesium, potassium,
sodium, strontium, and sulfate in the soluble fraction of the salt. They also determined the
weight percentof insolubles and the weight percentof insoluble materialsthat arealso insoluble

in ethylene diaminetetracetricacid (EDTA). The complete report from Twin City Testing is

given in Appendix A and their results are summarized in Table 2-3. The weight percent of
EDTA insolubles is listed twice, once under total insolublesand once under EDTA insolubles.

The results aresomewhat disappointingin that the components do not sum to 100 percent.

The averageof the three trialswas used in processing the data,and the datawere scaled so

that the weight percents summedto 100 percent(see Table 2-3). For the watersoluble species,
the weight percentwas then dividedby the atomicor molecularweight to obtainthe number of
moles of each species presentin a representativegram of material.

The mineralogy expected in crushed WIPP salt was taken from a Sandia National

Laboratoriesmemorandumwhich is reproducedin AppendixB. The solubles were assumed to

containhaliteand some polyhalite. Anhydrite,gypsum,and magnesite areinsolublein waterbut

12



Table 2-3. Chemical Analyses of Crushed WIPP Salt
illllll ] f ] i iii ii i ii ii i i

Trial 1 Trial 2 Trial 3 Averap Scaled MMectdsr
Weight Weight Weight Weight Weight Weight Moles¢s)
(_) (_,) ('Jr,) (_) (_) ¢j/mele)

..... i i i i i i,,l| llJ,,i i iwll r ii i ii i ii ................

Solubla

Calcium 0.15 0.26 0.24 0.2167 0.23 40.08 5.74E-05

Chloride 58.0 58.0 56.0 57.3333 60.871 35.45 0.017171

Magnesium 0.062 0.074 0.084 0.0733 0.0779 24.31 3.2E-05

Potassium 0.151 0.174 0.232 0.1857 0.1971 39.09 5.04E-05

Sodium 35.0 34.2 34.1 34.4333 36.558 22.99 0.015902

Strontium 0.005 0.006 0.007 0.006 6.37E-03 87.62 7.27E-07

Sulfate 0.62 0.96 0.98 0.8533 0.906 96.06 9.43E-05
i .......

lnsolubles
0.91 0.83 1.52 1.0867 1.1537(Tot_)

ill ,,i,

EDTA
0.32 0.51 1.01 0.6133 0.6512

Insolubles

Total 94.898 94.504 93.163 94.1883 I00

(a)Inarelxesentativegramofmaterial.

soluble in EDTA. Stein found anhydrite and magnesite to be the most abundant of these and so

the difference between the weights of insolubles and EDTA insolubles was attributedto anhydrite

and magnesite. The remaining insolubles (EDTA insolubles) were assumed to be quartz and clay

(primarily montmoriUonite) in accord with Stein's findings.

The mineralogy is given for each solubility classification in Table 2-4. The number of moles

of each soluble mineral (halite or polyhalite) was calculated from the number of moles of the

most limiting species. For halite, there were fewer moles of sodium than chloride, and so the

abundance of sodium limited the calculated amount of halite. For polyhalite, sulfate was the

most limiting species. Once the number of moles of each mineral was determined, it was

multiplied by the molecular weight of the mineral to determine the mass of each mineral. The

number of moles of each species that remained unused is also given in Table 2-4. For the

insolubles, the number of moles of each mineral was not calculated. The mass of EDTA

insolubles was evenly divided between clay and quartz, and the mass of total insolubles minus

EDTA insolubles was evenly divided between anhydfite and magnesite.
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Table 2.4. Analyses of Chemical Data
i , : illill ii i i ill,, i i ,,i t i i i ii ii ll,n,,,1 f i ii i i ill i ....

M_ c'_ Molar Mm_. _ W_St _) Slmdfk Volume _
Wei8ht Percent Gravity (eB_)
_,.._} W ('_} {s.an")

- i ,i,, i ,, i ii i H,,,,,i H ,,,, ii ,,,,,,,, , ,i L " , i i I I i,

5olublm

Halite 0.013902 58.44 0.929294 97.3033 2165. 0.429233
i

Polyhalite 2.36E-05 602.89 0.014215 1.4884 2780. 0.005113

Subtotal 0.943509 98.792 0.434349
Ilmlll___[I I II i i inulm|mi IIIlllnll mill Ill I I • I IIIII I I I I

Remaining Solubles -

Chloride 0.001269

Potassium 3.27E-06

Calcium 1.02E-05

Masnesium 8.45E-06
,,, ,,, ,,, j , , , ,, ,, ,,,,, ,,,, ,,,, ,,,, i , , ,,

EDTA Insolubles

Clay (montmorlllonlte) 0.003256 0.3409 2.5 0.001302

Quartz 0.003256 0.3409 2.65 0.001229

Insolubles Minus EDTA lnsolubles

Anhydrtte 0.0025 13 0.2631 2.61 0.000963

Magnesite 0.002513 0.2631 3.1 0.000811

Total 0.955047 100 0.438653

(is) In a representative gram of material.
(b) Scaled so mat components (minus remaining solubles) sum to 100 percent.

Once the mass of each mineral was determined,the weight percentof each mineralwas

calculated. The crushedsalt is 98.8 percent soluble. It contains 97.3 percent halite and 1.5
percentpolyhalite by weight. The insolubles are 1.2 percentof the crushedsalt by weight. The
EDTA insolubles(clay and quartz)are0.68 percentof the sampleby weight and the remaining

insolubles (anhydriteand magnesite)are0.53 percentby weight. The densityof the crushed salt

mixture was calculated from the mass and volume of each mineralcomponent using specific
gravity to convertmasses to volumes. The densityof thewatersoluble solids was 2.17 g •cm"3

and the density of all solids was 2.18 g • cm"3.

The final weight percentvalues for each mineralaridthe densityvalues for the crushedsalt

mixturemust be viewed with extremecaution because the inputdataneeded to be scaled by 5

percent in orderfor the componentsto sum to 100 percent, becausequantities of soluble species

14



remainedafterthecalculationswere completed,andbecauseassumptionsconcerningmineralogy
went into the dataprocessing.

2.2.6 Specimen Manufacture and Density Determination

Specimens were manufacturedfollowing the procedureoutlined by Holcomb and Shields
(1987). An excess quantityof crushedsaltwas pouredontoa clean fiat surfaceto form a conical
pile. The pile was dividedinto eight equal wedgesand the mass of each wedge was determined
using a Sartoriusbalance with a resolution of 0.Of g. Saturatedbrine was sprayedonto each
wedge until the addedbrinecomprised3 percentof the sample mass. A small amoun_of dgmp
salt was removed from each wedge for moisturecontent measurements and the remaining salt

was pouredintoa cylindricaltube-shapedjacket. Thisprocesswas repeatedfor each wedge until
the appropriatespecimenvolume was reached. The mass of materialused for moisturecontent

measurementsandthe amountsremainingafterpouringeach wedge were recorded.These values
were subtractedfrom the total mass of the damp wedges to obtainspecimen mass.

The completedspecimenassemblyis shownin Figure2-2. Thesame specimenconfiguration
was used for these tests as for Specimen 19FUN90. It contains a two-componentjacket and

vented steel endcaps. All vents were 3.175 mm (0.125 in) in diameter. The jacket is fabricated
using a 1.6-mm-thicklead innerjacket and a Viton outerjacket to seal the specimen from the

silicone oil used as the confining pressure medium. The lead jacket protects the outerjacket
from rupturingby preventingthe Viton from intrudinginto the pores of the specimen during
pressurization.Taperedaluminumfaceplateswere used to provide a smooth transitionbetween

the rigid steel endcapsand the highly deformablecrushedsalt. These faceplates prevented the
jacket from conforming to sharpchanges in dimension(i.e., diameter)at the endcap/specimen

interface,and thus,reduced thechance for jacket ruptureduringspecimen deformation. Shaped
porous felt metal disks conformed to the faceplates and were used to provide a permeable

pathwayfor the transportof brineand also to preventsaltfrom pluggingthe vents in the platens.
Nominal specimen dimensions were 101.6 mm (4 in) in diameter and 184.2 mm (7.25 in) in
length between the flat portionsof the porous felt metal.

Densitydeterminationswere madeafterinitialspecimenmanufacture,afterpreconsolidation,

and aftereach test stage. Specimenmass was determinedduringspecimen preparation.Volumes
were determinedafter specimen assemblyusing two techniques:(1) fluid (water)displacement,
and (2) indirectcontactdimensionalmeasurements. Bothtypesof measurementswere madeafter

the specimen hadbeen subjectedto a vacuumof approximately630 mm of mercuryfor 2 hours.
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The vacuum served to remove air trapped between the layers of jacketing materials and between

interfaces in the specimen assembly.

In the fluid displacement technique, the volume of the jacketed specimen was determined by

submerging the specimen assembly in a water-filled container equipped with an overflow spouL

The weight of the displaced water was measured and converted to a volume measurement using

the specific gravity of the fluid. The volumes of the non-specimen components were determined

from their masses and specific gravities and were subtracted from the total volume to obtain

specimen volume.

The indirect contact measurement technique was discussed in Section 2.1.2. Specimen

volume was determined from the length and diameter of the specimen assuming a right-circular

cylindrical geometry. The diameter of the specimen was determined by first measuring the

diameter of the jacketed specimen at six locations using a micrometer and then reducing these

measurements by twice the lead and Viton jacket thicknesses. Similarly, the length of '_e

specimen was determined by measuring the height of the jacketed specimen in four locations

using a gage head and transfer standard and then subtracting the lengths of the endcaps, porous

felt metal, and faceplates from this measured height. Specimen dimensions were required for

processing the permeability data; however, this measurement also served as a check on the value

calculated using the fluid displacement technique.

Tables 2-5 and 2-6 summarize volume measurements made using these two techniques for

hydrostatic and shear consolidation tests, respectively. Measurements made using the two

techniques differ by 1.59 + 1.38 percent and 1.66 :e 2.56 percent for hydrostatic and shear

consolidation tests, respectively. The two measurements can differ either because irregularities

in the specimen geometry cause the direct contact measurements to be inaccurate, or because

evaporation of displaced fluid causes errors in the immersion measurement.

The volume from the fluid displacement technique was almost always the basis for density

determinations because this method does not rely on point measurements and makes no

assumptions about specimen geometry. The indirect contact measurements were used only if the

values obtained using the two techniques differed by more than 5 percent and if the immersion

value did not appear reasonable (i.e., the value showed the specimen to have substantially

expanded during a compression stage). The volumes given in bold font in Tables 2-5 and 2-6

were used for calculations. The indirect contact measurements were only used for final volume

measurements for two tests, HC5A and SC4A.
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Table 2-5. Summary of Specimen Volume Measurements for Hydrostatic Consolidation Tests
i ,,,,,,l, ,,| ,,, ,, ,, ii , ,,,, ,..... ,,,,,, i ,,,,ll i ,,

Spedmat Volume(m_)c'_
Measurement ................................ - ..........

Test
Technklu e Initial After After After

Measurement Condltlonlms Stase I ......Stase 2,,,,,= L_ , ,,,, i , , t t .......

HCI Immersion .00149143 .00141529 .00113533 .00112786

Indirect Contact .00145903 .00139893 .00110582 .00108831

Difference (%) 2.17 1.16 2.60 3.46

HC2 Immersion .00152182 .00138378 .00104277 .00104315

Indirect Contact .00151451 .00139039 .00107498 .00103960

Difference (%) 0.48 0.48 3.09 .034

HC3 Immersion .00148941 .0013.f_180 .00105617 .00106979

Indirect Contact .00146306 .00135371 .00105339 .00103963

Difference (%) 1.77 0.08 0.26 2.82

HC4 Immersion .00148253 .00131283 .00100729 .00104323

Indirect Contact .00147027 .00131996 .00103628 .00102406

Difference (%) 0.83 0.54 2.88 1.84
,l,i , ,=,, , ,,,,, , ,,, ,,,,,,, ,, -

HC5 Immersion .00145204 .00128273 .00102299 .00107873

Indirect Contact .00142079 .00128549 .00103415 .00101.$81

Difference (%) 2.15 0.21 1.09 5.83

HC6 Immersion .00155874 .00129399 .00102317 .00101131

Indirect Contact .00152825 .00128240 .00102348 .00102356

Difference (%) 1.96 0.90 0.03 1.21
m

(a) Values printed in bold were used in calculations.

17



Table 2-6. Summary of Specimen Volume Measurements for Shear Consolidation Tests
......... ,M, ,,H _ - - , , H, ,, , ...........................................

SpecimenVolume(m3)_
Mumrtment ......................................................

Test
Technique Initial After A_.r After

Measurement ConditJonin8 Stsse I Stsse 2
7 11 11 - L Ill II l I! III I I I I L i i ii i _-. i

SCI Immersion .0014852 .001343S .0010774 .0010433

Indirect Contact .0014477 .0013238 .0010603 .0010399

Difference (%) 2.52 1.46 1.58 0.33

SC2 Immersion .0013919 ,001300S 0.0010192 .0009"/37

Indirect Contact .0014131 .0013080 0.001038 .0011113

Difference (%) 1.53 0.57 1.84 14.13

SC3 Imn_rsion .0015078 .0013604 .00109"/4 .0010S7,2

IndirectContact .0015013 .0013546 .0010648 .0010523

Difference (%) 0.43 0.43 2.97 0.01

SC4 Immersion .001476S .0013245 .0010505 .0011260

IndirectContact .0014702 .0013146 .0010296 ,0010353

Difference (%) 0.42 .075 1.98 8.05

SC5 Immersion .0015148 .0013244 .0010781 .0010621

Indirect Contact .0014903 .0013164 .0010662 .0010620

Difference (%) 1.61 0.60 1.11 0,01

SC6 Immersion .0015159 .0012630 .0010111 .0009974

Indirect Contact .0014901 .0012634 .0010343 .0010277

Difference (%) 1.70 0.03 2,30 3.03

SC7 Immersion .0015275 .0013410 .0010646 .0010615

IndirectContact .0015218 .0013448 .0010789 .0010583

Difference (%) 0.38 .028 1.34 0.30

SC8 Inunersion ,0014826 .0012702 .0009997 .0010145

IndirectContact .0014623 .0012664 .0010162 .0010072

Difference (%) 1.37 0.29 1.64 0.72

SC9 Im.n_rsion ,0015309 .0012921 .0010434 .0010227

Indirect Contact .0015169 .0013014 .0010516 .0010387

Difference (%) 0.91 0.73 0.79 1.56

(a) Values given in bold were used in calculations.
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3.0 TEST APPARATUS

3.1 Consolidation

3.1.1 Load Frame

Figure 3-1 presents a cross section of a typicalconsolidation load framewith prominent
components labeled for reference. The frames are nearly identical to those used by Division
6117, Sandia National Laboratories,and accommodated the assembled Sandia-furnished

specimenswithoutmodification. The framesuse single-ended,triaxialpressurevessels. A linear

actuator(hydrauliccylinder)boltedto the base of the loadframe drivesthe loadingpiston,which
in turnapplies axial compressive force to the specimen. Confining pressure is applied to the
jacketed specimens by pressurizingthe sealed vessel chamber with silicone oil. A dilatometer
system maintainsconstantconfining pressure and providesthe volumetricmeasurement.

The testing machines can apply compressive axial loads up to 1.5 MN and confuting

pressuresupto 70 MPa. The heatingsystem, includingseals on the pressure vessel, can maintain
specimen temperaturesup to 200°C.

A controlpanel houses the accumulators,hydraulicpumps,pressure intensifiers,transducer

signal conditioners, temperaturecontrollers, and confiningpressurecontrollers for two adjacent
test frames. The panels containdigital meters that display the output of the transducers. The

temperaturecontroller gives a digital output of the temperature. Mechanical pressuregages
mountedin the panel give readingsof oil pressure in the hydraulic cylinder.

3.1.2 Instrumentation

Axial force is measured by a load cell in the load trainoutside the pressurevessel, while
confining pressure is measuredby a pressuretransducerin the line between the intensifier and

the pressure vessel. Temperature is measured by a thermocouplein the wall of the pressure

vessel. The relationship between specimen temperature and that recordedby this thermocouple
has been determinedby calibration runsat several temperaturesspanning the operatingrange.

Two LinearVariable Differential Transformers(LVDTs) mounted outside the pressure vessel
monitor displacement of the loading piston relative to the bottom of the pressure vessel.
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Figure3-1. Consolidation machineload frame.
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Volumetric deformation is measured using a dilatometer. With this technique, volumetric

deformation is determined at fixed pressure by first measuring the volume of oil that the

dilatometer supplies to the pressure vessel, and then compensating for the axial deformation

measured by the LVDTs. A rotary potentiometer or stroke transducer is mounted on the

dilatometer shaft to provide a signal proportional to the volume of oil supplied to the pressure
vessel.

3.1.3 Control

Temperature is maintained with a manual set-point controller that regulates power to the band

heaters on the vessel. The thermocouple in the pressure vessel wall supplies the feedback signal.

Hydrostatic stress during the hydrostatic consolidation tests and confining pressure during the

shear consolidation tests are controlled by inputting the pressure transducer signal to a unit that

contains two manual set points. These set points are adjusted to maintain the hydrostatic stress

or confining pressure constant within 20 kPa. The controller signals the intensifier to advance

or retreat, depending upon whether the lower or upper set point has been reached. During shear

consolidation, axial load is controlled by a Digital Equipment Corporation PDP-II/23

microcomputer. The computer determines the current cross-sectional area of the specimen from

the outputs of the deformation transducers and then adjusts the load to maintain constant stress.

The deadband on load under computer control is 0.4 kN. A standby diesel generator provides

electrical power to the test system during periods of commercial electrical power outages.

3.1.4 Permeability System

Two systems were used for permeability measurements. The f'u'st,shown in Figure 3-2, was

used to measure permeability of Sandia-furnished specimens. In this system, an accumulator was

connected hydraulically to a manifold that supplied brine permeant under pressure to three load

frames. The supply lines are 3.2-ram-inner-diameter (0.125-in.-i.d.) stainless steel tubes and

extend from the manifold to the vent in the lower endcap of the specimen assembly. The

accumulator is filled with brine and charged with nitrogen using a standard nitrogen bottle. The

charge pressure (and, therefore, the pressure drop across each specimen) is regulated manually

with a valve located on the nitrogen bottle and is measured using a diaphragm-type pressure

transducer in the line between the accumulator and the manifold. The pressure drop in the lines

between the pressure transducer and the specimen is negligible because flow rates through the

specimen are very small. Brine flow through the specimen is captured and measured by a buret
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attachedto the upperendcap of the specimen assembly. Evaporationof water is controlledby

placing a thin film of mineral oil on top of the brinecolumn in the buret.

To ensure that this method of preventing evaporationwas effective, a b_e-tiffed buret

capped with a thin film of mineraloil was placed in the laboratoryapproximatelyin the center
of the testing machinesused for this work. The brinelevel was monitoredfor 320 days and the
data areshown in Figure 3-3. Over the first 15 days of testing, the brine level droppeddue to
the release of air bubblesentrappedagainstthe walls of the buret. (This drop appearsas a step
function due to the resolution of the calibrationmarks of the buret.) There was no further

decrease in buret level over the durationof the test, signifying that this methodof preventing

evaporationwas effective.

The temperature of the brine entering the pressurevessel was assumed to be the ambient
temperatureof the laboratory (20 + I°C). To verify this assumption, a thermocouplewas
installed inside one of the brine accumulatorsand monitored regularly. The temperatureas
measured in the brine between Feb. 5, 1992 and Dec. 1, 1992 is given in Figure3-4. The brine

temperature,calculated as the averageof the readingsobtained,is 20.00 ± 1.06°C. Occasionai

peaks in the dataaredue to malfunctionsof the heatpumpthatcontrols laboratorytemperature.

The system used to measurepermeability in the consolidation/permeability tests is shown in

Figure 3-5. This system differs from the first only in thata separate accumulator is used for each

test system.

3.1.5 Calibration

3.1.5.1TRANSDUCERCALIBRATIONSANDVERIFICATIONS

The transducersusedto collectforce,pressure,deformation,and temperaturedatawere
calibratedusingstandardstraceableto theNationalInstituteof StandardsandTechnologyand

documentedprocedures.Eachtransduceriscalibratedin its normaloperatingpositio=,onthetest
systemsothatthesignalconditioners,filters,andanalog-to-digitalconvertersareincludedwithin
theend-to-endcalibration. Calibrationconstantsare determinedfor eachtransducerfrom a

linear,least-squaresregressionof indicatedreadingversusstandardinput.Readingsarecollected
at 20 standardinputsequallyspacedover the rangeof the transducer.Theseconstantsare

verifiedimmediatelybeforea testbeginsby comparingthepredictedresponseof thetransducer
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Figure 3-2. Schematicof brinepermeabilitytestapparatusused for Sandia-fumishedspecimens.
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Temperature in Brine
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Figure3-4. Temperaturein brine as measured duringpermeabilitytesting by thermocouple
located inside upstreambrinereservoir.
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Figure 3-5. Schematic of brine permeabilitytest apparatusused for hydrostatic and shear
consolidation tests.

26



using these constants with the standardinput applied in ten equally spaced steps over the

calibratedrange. This verificationprocedureis also performedat the end of each test so that

drift or malfunctions of the transducerscan be identified. Table 3-1 gives the range and
resolutionfor these transducers.Priorto testing, the accuracyof force and pressuretransducers

was 1 percentof reading,thatof deformationtransducerswas 2 percentof reading,and that of
thermocoupleswas :el°C. The accuracyspecificationsincludebothnonlinearityandrepeatability.
The buretsused were Class A and areaccurateto within0.1 ml. A summaryof the transducer
reverificationdataobtainedaftercompletion of each test is given in AppendixC.

Table 3-1. Calibration Specifications
J__ III _ i ii i ] i i i i i ii iiili i iiii IIHIlllI [ I II[JI I III II IIH I II I I Illll _- --. L I Ill]l] I

Measurement Range Resolution
11, ,,,,,,, , , ,,, ,,1 ,,,,,,,,1, 11 , ,,,,,,,,,,,,,,,,,,, ) , 1,,11 11, , , ,1 f,

CONSOLIDATION

Axial Force (kN)(°) 0 to 250 0.03°')

Confining Pressure (MPa)(°) 0 to 34.5 0.004°')

Lateral Strain(_)(_) 0 to 8 0.001c')

Axial Strain(%)(c) 0 to 12.5 0.0020))

Temperature(°C)(_ 0 to 250 0.03c')

PERMEABILITY

Pressure (kPa)(°) 0 to 345 0.70(°

Pressure (MPa)Q° 0 to 6.895 0.0008(b)

(a) Accuracy: 1 percentof readingincludingnonlinearityand repeatability.
(b) 14.bit analog-to-digitalconverter.
(c) Accuracy: 2 percent of readingincluding nonlinearityand repeatability.
_d) Accuracy: :e l°C.
(e) System used for Sandia-fumishedspecimens.
(f) 4-1/2-digit panel meter.Accuracyduringreverificationwas to within 1.5 percent

of reading, includingnonlinearity and repeatability.
(g) System used for consolidation/permeabilityspecimens.

i, i , HH
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3.1.5.2 ADIABATICTEMPERATURECHANGE_LIBRATION _ST

All test s_im_ were subjected to pressurization and therefore to adiabaticheating of the

confining fluid. Following the procedure of Holcomb and Shields (1987), a test was run on an

aluminum specimen to determine the apparent volumetric strain that accumulates duo to coolin8

of the confining fluid after pressurization. The test was initiated by placing an aluminum

specimen in the pressure vessel, filling the vessel with oil, and allowing its temperature to

stabilize for at least 2 hours. The pressure was then raised to a value that would later be used

in cnmhed-salt consolidation tests. Apparent changes in volume of the aluminum specimen were

measured by the dilatometer as the confining oil cooled. Pressure was held at the test value for

at least 7 hours to determine the total apparent volume change associated with cooling and the

length of time required for the system temperature to stabilize. This process was repeated for

all confining pressures that would be used during testing.

The total apparent changes in volume that oc,curred at each test pressure due to cooling are

shown in Figure 3-6. For pressures of 3.45 MPa and above, the cooling process was completed

within I.S hours and the data show a consistent trend. The apparent volume change associated

with cooling for these tests was 0.23 ml/MPa and this correction was applied to the data. This

value compares reasonably well with the value of 0.4 ml/MPa reported by Holcomb and Shields,

considering that these are not identical machines. One test at 1.72 MPa required dilatometric

corrections for 7 hours, after which it stabilized. A nominally identical test at 1.72 MPa showed

a lower apparent volumetric strain, but did not completely stabilize after 15 hours although the

dilatometer rate continued to decrease throughout this time period. These low pressure data were

therefore not included in the fit. It is assumed that at the lowest pressure, the seals in the

pressure vessel creep in a time-dependent manner until they form a proper seal. The maximum

apparent changes in volume are on the order of 2.5 x 10"em3. The specimen volumes after

preconsolidation are approximately .001300 m3, and so if no corrections were made, the errors

incurred in volumetric strain due to this apparent strain would be approximately 0.1 percent.
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Figure 3-6. Apparent volume change measuredduringcooling of an aluminumspecimenafter
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29



t_



4.0 TEST PROCEDURES

4.1 Preconditioning

The initial application of hydrostatic compressive stress produces large changes in density.

These density changes cannot be accurately measured in the testing machine and so a precondi-

tioning step is used before compressive load is applied. The preconditioning consists of p_acing

the assembled specimen in the load frame, hydrostatically loading to the desired preconditioning

pressure as quickly as possible, holding the specimen at pressure for one minute, and then

unloading. The hydrostatic pressure is applied by pressurizing the confining oil using an air-

driven pump. For hydrostatic consolidation tests, the preconditioning pressure was equal in

magnitude to the pre._sureused in the first test stage; for shear consolidation tests, the mean stress

of the first test stage was used. Density measurements were made before and after the precondi-

tioning step using the methods described in Section 2.2.6. Preconditioning was not required for

Sandia-fumished specimens because they were already consolidated. It was also not required

before permeability stages because the specimens had already been compacted at higher

compressive loads. Preconditioning was only carried out before the first stages of hydrostatic
and shear consolidation tests.

4.2 Hydrostatic Consolidation end Testing

All Sandia-fumished specimens and six hydrostatic consolidation specimens were subjected

to hydrostatic consolidation stages. Each of the Sandia-fumished specimens used for permeability

measurements was first subjected to a stage of hydrostatic pressurization at 6.9 MPa and 25°C
as shown in Table 4-1.

Six hydrostatic consolidation tests on specimens assembled at RE/SPEC Inc. were performed
at 25°C and at the stress conditions shown in Table 4-2. Tests were labeled in a manner that

corresponds to the test matrix given. The designation "HC" signifies hydrostatic consolidation.

The first HCI test to be pressurized was given the designation "A" and the test label became

HCIA. If a test was repeated, the designation "B" would be added. Prior to testing, each
" nspecune was preconditioned, its new density was determined, and then it was saturated with

brine. Saturation was accomplished by removing the upper platen and faceplate and pouring a

measured quantity of brine into the specimen assembly. The assembly was then covered to

prevent evaporation. Quantitiesof b_ne wen added until no further absorption occurred over

a 12-hour period.
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Table 4.I. Summary of Test Conditions for Sand!iaoFumishedSpecimens
....... ii i H .... ..... : ........ ii i i . i ,11 ii ii i Ill II lit -- I I III I i r

Hydr_tatlc Fluid
Specimen Stage Strum Pressure

ID (MP,) (MPa)
. i, , ,,lu i i J _ ,, i, ,L, .............. .....

19JUNgO 1 6.90 0

2 3.4:5 0.345
. ii ii i[ ] i i iiii iljliiiii -_ i .................. _ .....

208EP89 1 6.90 0

2 3.415 0.345

Table 4-2. Summary of Hydrostatic Brine-Saturated Test Conditions
ill _ ii!ili i ii ilii i i i iiliilil iillliii -- i

Hydrostatic Fluid Termination
Test Stage(. ) Stress Pressure
No. (MPa) (MPa) Criteria

-- ill IIIIIII J i illlJiil I IlU.Ili i i [ m ----

HCIA 1 1.72 0 Fractional density > 0.90

2 0.86 0.05 60 days

HC2A 1 1.72 0 Fractional density > 0.90

2 0.86 0.43 60 days

HC3A 1 3.45 0 Fractional density > 0.95

2 1.72 0.86 60 days
-- i i

HC4A 1 3.45 0 Fractional density > 0.95 i

2 1.72 0.86 60 days
-- ,,,,,=.,

HC5A 1 6.90 0 Fractional density > 0.95

2 3.45 1.73 60 days

HC6A 1 6.90 0 Fractional density > 0.95

2 3.45 1.73 60 days

(a) Stage 1 = ConsoSdation Stage
Stage 2 = Permeability Stage
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To initiate the pressurization stage, assembled specimens were placed in the load frame and

the pressure vessel was lowered over the specimen. The pressure vessel was then f'dled With

silicone oil and heated to 25°C. After temperature stabilization (-24 hours), pressure was

applied in approximately 30 seconds by pressurizing the oil with an air-driven pump. Data

acquisition began when the prescribed pressure was reached and control of the pressure was given

to the automatic controller which signaled the dilatometer system to either inject or withdraw oil

to maintain the pressure. The volume of oil either entering or exiting the vessel was measured
and was used to calculate volumetric deformation.

During the pressurizaton stage, the lower platen vent was plugged; however, the upper vent

was open and equipped with a flexible tube filled with brine leading to a buret. The brine-fried

tube prevented evaporation of water from the specimen and allowed brine to exit or enter the

specimen during stabilization and testing. A thin film of mineral oil was placed on top of the

brine column to prevent evaporation.

For Sandia-furnished specimens, this stage was performed for a fixed period of time, as

specified by Sandia, so that any transient pore pressures in the specimens could be relieved via

orainage of brine out of the specimen. The stage lasted 12 days for Specimen 19JUN90 and 15

days for Specimen 20SEP89. The stages had slightly different lengths owing to a computer

failure. Volumetric strains were recorded during the stage. For hydrostatic consolidation tests

described in Table 4-2, stress conditions for Stage I were maintained until the fractional densities

specified in the table were reached. Specimens were then removed from the pressure vessels and

volumes were remeasured using both the fluid displacement and indirect contact dimensional

measurement techniques.

4.3 Shear Consolidation Testing

Nine shear consolidation tests were conducted on specimens assembled at RE/SPEC Inc. at

the conditions given in Table 4-3. The same test labeling convention applies to these tests as was

described in the previous section for hydrostatic consolidation tests. The first attempts at tests

SC 1 and SC9 had mechanical failures and so these tests were repeated. Specimens were prepared

and preconditioned as described above except they were not saturated.

The shear consolidation tests were set up and heated in the same manner as described for

hydrostatic consolidation tests. Because they were not saturated, burets were not connected to

the upper platen vent and instead a vapor barrier was used to prevent evaporation. To initiate

a shear test, the specimen was first pressurized to a hydrostatic pressure equal to the required
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Table 4-3. Summary of Shear Consolidation Test Conditions
, i i

Axial
Test Confining Axial Stress Fluid

Stage ¢'_ Pressure Stress PressureNo, Difference
OvWa) (Ml'a) (MPa)

i i , u, , ,, ,

SCIB I 3.45 4.14 0.69 0

2 1.84 1.84 0 0.92

SC2A I 3.45 4.83 1.38 0

2 1.95 1.95 0 0.98

3 2.93 2.93 0 0.98

SC3A 1 3.45 5.52 2.07 0

2 2.07 2.07 0 1.03

SC4A 1 6.90 7.59 0.69 0

2 3.57 3.57 0 1.78

SC5A 1 6.90 8.97 2.07 0

2 3.79 3.79 0 1.90

SC6A 1 6.90 10.34 3.44 0

2 4.02 4.02 0 2.01

SCTA 1 5.17 6.55 1.38 0

2 2.81 2.81 0 1.41

SCSA 1 5.17 7.93 2.76 0

2 3.05 3.05 0 1.52

SC9B 1 5.17 9.31 4.14 0

2 3.28 3.28 0 1.64

(a) Stage 1 = Consolidation Stage
Stage 2 = Permeability Stage
Stage 3 = Permeability Stage
(All Stages Except SC2A Stage 2 Ran a Minimum of 60 Days)

confining pressure. The axial piston was then advanced until the upper endcap contacted the top

of the pressure vessel. The required stress difference was then applied quickly (in less than 30

seconds) using the axial actuator, and control of the test and data acquisition was turned over to
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the DEC LSI-I 1/23 control software. Tests were continued for a period of at least 60 days.

Specimens were then removed from the pressure vessels and volumes were remeasured using

both the fluid displacement and indirect contact dimensional measurement techniques.

4.4 Permeability Testing

After the consolidation stage was completed, the pressure was decreased and a permeability

test was performed on each specimen. RE/SPEC Inc.-furnished specimens were removed from

the pressure vessel between the consolidation and permeability stages so that dimensions and

volumes could be measured. Permeability was determined by measuring the steady-state flow

rateof brine through the specimen and the pressure drop across the specimen. The pressure drop

was controlled throughout the duration of the test and the flow rate was determined by

monitoring the level of brine in the downstream reservoir (buret) over the test duration.

Permeability measurements were made at reduced hydrostatic stresses to minimize further

consolidation. The actual hydrostatic stresses are given in Tables 4-1 through 4-3 for Sandia-

furnished, hydrostatic, and shear consolidation tests, respectively. In general, for hydrostatic

consolidation tests, the permeability stage was conducted at a hydrostatic pressure that was one

half of the Stage 1 pressure; for shear consolidation tests, the hydrostatic pressure was halt"of

the Stage I mean stress. The brine inflow pressures were 0.345 MPa for Sandia-furnished

specimens and were half of the hydrostatic pressure for other tests. There were two exceptions

to this general scheme. Very high initial brine flow rates were observed in Tests HC1A and

SC2A. For Test HC1A, the brine inflow pressure was therefore reduced to 0.05 MPa, and for

Test SC2A, a third stage was initiated at higher hydrostatic pressure. The higher pressure was

applied to prevent brine from bypassing the specimen and traveling along the specimen/jacket
interface.

Permeability stages were initiated by bringing the specimen to pressure and temperature and

allowing it to stabilize for approximately 2 days before supplying pressure to the upstream brine

reservoir. During stabilization, the downstream reservoir (bure0 was filled with brine so that

brine was free to enter the specimen and displace air. Recording of flow data was initiated when

pressure was applied to the upstream reservoir.

After the permeability stage was completed, specimens were removed from the pressure

vessel and for RE/SPEC Inc.-furnished specimens, densities were remeasured using both the fluid

displacement technique and indirect contact dimension measurements. For most RE/SPEC Inc.-

furnished specimens the porous felt metal disks, the platens, and the aluminum faceplates were
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tested to be sure that they were free of obstructionsand that brinefreely flowed through these

elements of the permeabilitysystem. Severaltests werecompletedbefore this fluid-flowtest was
standardized.

4.5 Data Acquisition and Reduction

4.5.1 Data Acquisition

A DEC LSI-11/23 microprocessorwas used to acquire data from all test systems. The
computerscanned the data channelsat 15-secondintervalsand logged databased on either time

or axial displacement.Hydrostatictestdata was logged every hour. Shearconsolidationdatawas
logged either every hour or for each 0.02 mm of axial displacement,whicheveroccurredfirst.
During data logging, measurements of time, axial load, confining pressure, volumetric
deformation, axial (piston) displacement, and temperature were written to disk on the

microprocessor. These logged data were later transmitted to a separate computer for data

reduction and analysis. Permeabilitydata were logged manually at approximately24-hour
intervals. Permeability data includedtime, pressuredropacrossthe specimen,andthe brinelevel
in the buret.

The volumetric deformationswerecorrectedfor the fluid displacedby the advancing piston

using measurementsof axial displacementand the cross-sectional area of the piston. Piston
displacements measured during shear tests were corrected for machine softness to obtain
specimen shortening. The axial and volumetricdeformationswere used to calculate axial and

lateral strains. The axial stress was calculated from the axial force and the currentspecimen
dimensions.

The data acquisition computerwas also used for control of the axial force during shear
consolidation tests. Based on currentspecimen geometry, the computerupdatedthe axial force

during the test so that the appliedstressdifference remainedconstantthroughoutthe test. The
computeralso recordedthe total axial and lateraldeformation incurredduringthe applicationof
the stressdifference.
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4.5.2 Reduction of Consolidation Data

The dam acquired during consolidation were used m determine fractional density, D, as a

function of time, where D=p/pu. The intact density of the salt, Pare,was assumed m be 2,140

kg- m"3. The density during testing is calculated from

p.= Po (4-1)
(l-e,)

wherePoisthedensityofthesaltmatrixatthebeginningoftheconsolidationstageand_visthe

engineeringvolumetricstrainmeasuredduringthetest.The signconventionusedhereisthat Q

compressionispositive,andsocompressivevolumetricstrainsleadtoan increaseindensity.

Despitetheuseof a preconditioningcycle,some volumetriccompactionoccursduring

loadingtohydrostaticstress.Thisdeformationisnotdirectlymeasurableduringtestingandmust

becalculatedbasedon thespecimenvolumemeasurementsmade aftercompletionofthestage.

The totalvolumechangeoccurringduringthestagewas initiallycalculatedbasedon thepre-

stagespecimenvolumeandthevolumetricstraindataobtainedduringtesting.Thistotalvolume

changewas thencomparedwiththetotalvolumechangeobtainedby subtractingthepost-stage

immersionvolumefromthepre-stagevolume.The differencebetweenthetwo volumechange

measurementswasattributedtovolumetriccompactionoccurringduringhydrostaticloading.The

pre-stagevolumemeasurementwas thenmodifiedaccordingly,andtheforwardcalculationwas

repeated.

4.5.3 Reduction of Permeability Data

Permeability was determined from Darcy's law, i.e.,

k=Oa. (4-2)

where

k = Permeability (having units of L2)

Q - Measured flow rate of brine (having units of LSt"t)

A = Current cross-sectional area (having units of L2)

lJ = Brine viscosity (having units of ML'_t"_)

L = Current length (having units ofL)

AP = Pressure drop across specimen (having units of ML'_t"2)
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The steady-stateflow rate,Q, was measuredduringtestingby fitting theflow volume-versus-
time datawitha linearmodel using least squares. Valuesof specimen length anddiameterwere
obtain_ just priorto the permeabilitystage using indirectcontact dimension*measurements. A
brine viscosity of 1.26cP (1.26xi0 "3kg • m"_• s"t)was used for datareduction. This viscosity

correspondsto the viscosity of brine used by Stroupand Senseny (1987) and is similarto that
used by Shoret al. (1981) in theirpermeabilitytests.
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5.0 TEST RESULTS AND DISCUSSION

5.1 Sandla-Furnlshed Specimens

S.1.1 Preuudzatlon Stage

During the pressurizationstage, volumetricstrains were recordedfor each specimen. The
volumetric su'ain-versus-timedata for Specimens 19JUN90 and 20SEP89 areshown in Figure

5-I. The pressurizationstages for Specimens 19/UN90 and20SEP89continuedfor 12 days and
15 days, respectively. Unfortunately,only data for the first 2 days of the stage were collected
because the computer that both acquires data and controls the tests failed. Failure of the

computersuspendeddata acquisition,but the stage was completed successfullybecauseboth the
pressureand temperaturearecontrolledby manualset-pointcontrollers.

The volumetric strains at the end of 2 days were about 1 percent and 2 percent for

Specimens 19JUNg0 and 20SEP89, respectively. Although datawere not collected beyond 2

days, the volumetricstrainratesat the end of 2 days in both tests aresignificantlylower than the

rates at the beginning of the tests, and little additionalstrain is likely to have occurredafter2
days.

No volumetricstraindatawere obtainedfor the specimenidentifiedas 20JUN90. Immedia-
tely upon pressurizing this specimen, silicone oil began to leak rapidly from the upper

permeabilityvent. The test was abortedand the specimen removed from the loadingframe. A
post-test inspection revealed a small circularhole in thejacket. The diameterof the hole was
approximatelythe size of the diameterof the lockwire used to attach the jacket to the endcaps.
Based on this evidence, it was assumed thatthejacket was puncturedby lockwire. The actual

timing of the event was not determined,but it was surmised thatthe punctureoccurredduring
shipping.

5.1.2 Permeability Stage; Consolidation Data

Volumetricstraindata were also recordedduringthe permeabilitystages of each tesL The

data from both the permeabilitystages and the pressurizationstages are shown in Figure 5-2.
The results show that the volumetricstrainratefor Specimen 19JUN90is nearlyzero while the
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Figure 5-I. Volumetric strain-versus-time for Sandia-fumished Specimens 19FUNg0 and
20SEF89 duringpressurizationstage.
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Figure5-2. Volumetricstrain-versus-timefor Sandia-furnishedSpecimens 19FUN90and
20SEP89duringpressurizationandpermeabilitystages.
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strainrawforSpecimen 2OSEP89is about 2x 10_s"t. Assumingthatno ,zlditionsl suain occurred

duringthe period when the computerfailed u describedearlier,the total volumetricstrains for

both sages were about 1.5 percentand 4.2 percent for Specimens 19JUNg0 and 20SEP89,

respectively. Using a sign convention of compression positive, the strainsshown indicate a
reductionin volume for bothslx_imens. _ strainsdifferfromthose ind_ by the pre-test
and post-test measurements 0.77 and 2.14 percent for Specimens 19JUNg0 and 20SEP89,

respectively). This discrepancy is attributedto the irresularshape of the test specimens and
resultinginaccuraciesinthedirectmeasurements.Itispossiblethattherewasasmallconfining

pressureleakon Specimen20SEP89thatresultedinmeasurementsoferroneousvolumetric
strains.

The fluctuations in the volumetricstraindataoccurringin the first 45 days of testing were

caused by changes in the loading pistonposition. The originaltesting procedurespecified that
the piston be positioned at the bottom of the pressure vessel so that no correctionsto fluid
volume measurementswould be needed. During testing, however, it was discovered that the

piston had drifted up away from its original position. This movement of the piston was not
accounted for in data reduction and producedthe anomalous volumetric straindata shown in

Figure 5-2. After the problem was identified, the loading piston was returned to its original

position and this position was then maintainedthroughoutthe remainderof the stage.

6.1.3 Permeability Stage; Permeability Data

At the beginning of each permeabilitystage, the lower face of each specimenwas subjected

to a brine fluid pressureof 345 kPa, while the upperface was exposed to atmosphericpressure.
The brine flow-versus-time dataareshown in Figures 5-3 and 5-4 for Specimens 19JUN90and
20SEP89, respectively. Flow is given as volume and refers to the cumulativechange in fluid

level in the downstreamreservoir. Dataare plottedso that negativevalues of flow indicate flow
of brinefrom the downstreamreservoir(buret)into the specimen, while positive values indicate

flow out of or throughthe specimen. Surprisingly,the datafor both specimens (at least at early

times) indicate flow of brine into the specimen. This result implies that the specimenswere not
fully saturatedupon receipt or that evaporationof water from the specimens occurredduring
handling and testing. During the last 50 days of testing, the flow data for Specimen 19JUN90

showed a reverse in trendindicatingflow throughthe specimen. It is possible that the difference

in flow characteristics between the two specimens is related to differences in specimen
assemblies. The specimen assembly used for Specimen 20SEP89shown in Figure2-1 provides

for less specimen drainagethan the assembly used for latertests (Figure2-2). The slope of the
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Figure 5-3.Brine volume-versus-timefor Sandia-furnishedSpecimen19JUNg0.
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Figure 5-4. Brine volume-versus-timefor Sandia-furnishedSpecimen 20SEP89.
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flow-venus-time dam is the flow rate. The datafrom the last 50 days of S_imen 19JUNg0

were fitted using a linear model and least squaws to obtain a flow rate of 0.0178 ml/day
(2.06x10't3m3s't).This time periodis labeled "Fit Region" in Figure 5-3. Most of the fluid
movementoccurredwithin the first 10 days of this periodand so the fit region was mbdivided
as shownin the figure. The flow rates obtainedfor SubregionsI and 2 using linearleast-squares
fittingwere 0.0712 ml/day (8.24x10"t3m3s"t)and0.00787 ml/day (9.1lxlO't4m3s't),respectively.

Permeabilities were calculated for the three regions defined in Figure 5-3 and are

summarizedin Table 5-1. Because most deformationoccurredeady in the test, the post-test
dimensionsof the specimen (Table 2-1) were used to calculate permeability. The difference in

permeabilitiesbetween the two subregions is nearlyan orderof magnitude. This is muchlarger
than the measurementerrorof approximately5 percent.

Table 5-1. Summaryof PermeabilityMeasurements

., , ,,,, ,, , , , , ,,, ,,, ,,,,, , .,,, , ,, ,, ,, , ,, , ,,i, , ,,,,,,,,,

Flow Rate°° Permeabilityc_)
Specimen ID (m)s "1) (m:)

20SEP89 0 0

I9JUN90 (a)

Fit region 2.06x10":3 1.44x10"2°

Subregion 1 8.24x10":s 5.77x10"2°

Subregion 2 9.1lxlO":4 6.37x10"2:

20JUN90 (c) (c)
i i i

(a) Flow ratesfor Specimen 19JUN90are determinedfor regionsshown in
Figure 5-3.

(b) Based on pressuredropacross the specimen of 345 kPa and permeant
viscosity of 1.26 cP.

(c) No data due to jacket ruptureuponpressurization.
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5.2 Hydrostatic Consol!datlon Tests; Consol_on Data

5.2.1 Test Retlults

Fractional density is plottedas a functionof time for Stage I of all hydrostaticconsolidation
tests in Figure 5-5. Completeplots of fractionaldensity-versus-timefor both stagesof each test
aregiven in AppendixD. FractionaldensitydataobtainedduringStage 2 of Test HC6A show
a dramaticincreasefrom those obtainedin Stage 1 even though the hydrostaticstresswas lower

in this stage. This increasewas found to be an anomoly that resultedfrom a confining pressure
fluid leak in the test system ratherthan an actual change in specimen density. Mass, moisture
content and saturationlevel, and dry fractionaldensity aregiven for hydrostaticconsolidation
tests in Tables 5-2, 5-3, and 5-4, respectively.

Table 5-2. Specimen Masses for HydrostaticConsolidationTests
i ,, i. i, ,,,, ,, ,,, ,,.,,.,,.q,,. i ,, i ,i,,=. i i i,,11

Specimen Mass
Vau ...... Arr S,tu"eo.

Test Wet Mass of Wet Mass of
Mass Salt Matrix Mass Salt Matrix
(kg) (kg) (ks) (k_

........ HCIA 2.2492 2.1812 2.6332 2.1812
HC2A 2.1829 2.1130 2.4895 2.1130
HC3A 2.2134 2.1565 2.5194 2.1565

HC4A 2.!549 2.0895 2.4273 2.0895

HC5A 2.2420 2.1731 2.4604 2.1731
HC6A 2.2364 2.1741 2.4530 2.1741

Figure 5-5 shows that for these saturatedspecimens, the greaterthe consolidationpressure,
the faster the densificationrateat a given fractionaldensity. Previouswork(Zeuch et al., 1991)

has shown that for specimensthatarealreadydamp(i.e., containing3 percentbrineby weight),
saturationhas little effect on the consolidationrate; at worst, slightly retardingit. The data
pre_nted here show higherconsolidation rates than comparabletests conductedby Zeuch et al.,
andshow slightly higherratesthan wereobtainedby HolcombandShields(1987) on unsaturated

WIPPsalt specimens. Thespecimen assembly used in thosestudiesdiffered fromthat used here,

so these discrepancies arenot surprising.The earlierspecimen assembly(shown in Figure2-1)

provides for less specimen drainagethan the assembly used in latertests and shown in Figure
2-2. Furtherwork is needed to fully evaluate the effect of saturationon consolidation rate.
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Figure 5-5. Fractionaldensity-versus-timefor Stage 1 of all hydrostaticconsolidationtests.
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Table 5-3. Moisture Contents and Saturation Levels for Hydrostatic Consolidation Tests
i i iiii i ii i

Initial After Precoaditlonlag After Stsse 1and Saturation

Test Moisture (') Saturation Moisture (') Saturation Moisture (') Saturation
Content Levd Contest Levd Content Level

HC1A 2.27 12.0 14.43 95.10 3.99 100

HC2A 2.41 10.9 12.50 79.15 2.68 100

HC3A 1.92 9.8 11.83 87.12 0.26 1(30

HC4A 2.28 10.8 11.39 83.67 1.49 100

HC5A 2.31 13.2 9.38 89.58 2.17 1(30

HC6A 2.09 9.6 9.12 83.59 1.38 100

(a) Mass of water divided by dry mass.

Table 5-4. Dry Fractional Densities for Hydrostatic Consolidation Tes& ')

Initial After After Load After After
Test

Value Conditioning Application Stage 1 Stage 2

HC 1A 0.6834 0.7202 0.7880 0.8978 0.9037

HC2A 0.6488 0.7135 0.7357 0.9469 0.9465

HC3A 0.6766 0.7438 0.7242 0.9541 0.9420

HC4A 0.6586 0.7437 0.7521 0.9693 0.9359

HC5A 0.6993 0.7916 0.8134 0.9926 1.0

HC6A 0.6518 0.7851 0.8043 0.9929 1.0

(a) Densities are based on volume measurements given in Table 2-5.
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5.2.2 Model Fitting

Following the work of Holcomb and Shields (1987), the Stage 1 hydrostatic consolidation

data were fit to the equation

AV

= e, ffia loglo(t)+b (5-I)

where

t = Time in seconds

a, b = Fitting parameters

This equation has a singularity at _ and provides a poor fit for data at early times and so a

cutoff time of 3600 seconds was used. The fitting parameters are given in Table 5-5. The rate

parameter, a, is consistent with values given by Holcomb and Shields (1987), however, values

of b differ. Predicted and actual volumetric strains-versus-logarithm of time and volumetric

strains-versus-time are given in Appendix E for all hydrostatic consolidation tests. Solid lines

show actual data and dotted lines show predictions based on the model. The predicted data track

the actual data reasonably well.

Table 5-5. Fitting Parameters Determined for Hydrostatic Consolidation of Saturated WIPP
Salt

Test a b

HCIA 0.0581 -0.176

HC2A 0.0680 -0.248

HC3A 0.0604 -0.155

HC4A 0.05936 -0.188

HC5A 0.0409 -0.0891

HC6A 0.0445 -0.I14

As discussed in Chapter 1, the Rock Mechanics Laboratory of Sandia National Laboratories

is investigating crushed-salt consolidation in an effort to develop a constitutive model. Zeuch

et al., (1985), Zeuch (1990), and Holcomb and Zeuch (1991) have developed a model for
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hydrostatic consolidation of nominally dry salt which differs from that presented in Equation 5-1.

That model is based on isostatic hot pressing and has been modified to include the micro-

mechanisms appropriate to salt. The hydrostatic consolidation data presented here are for

saturated rather than dry specimens, so that model is not applicable to these results. That model

predicts densification rate as a function of time and fractional density. For reference, the time

rate of change in fractional density is given as a function of fractional density for aU hydrostatic

consolidation tests in Figure 5-6.

5.3 Shear Consolidation Tests; Consolidation Data

Fractional density is given as a function of time in Figures 5-7, 5-8, and 5-9 for shear

consolidation tests at confining pressures of 3_45 MPa, 5.17 MPa, and 6.90 MPa, respectively.

Only Stage 1 data are shown. Each plot contains data for specimens containing 3 percent brine

by weight obtained at three values of stress difference. Figures 5-7 and 5-9 also include data for

saturated specimens consolidated hydrostatically. These data show no correlation between

consolidation and applied axial stress difference. Mass, moisture content and saturation level,

and dry fractional density are given for shear consolidation tests in Tables 5-6, 5-7, and 5-8,

respectively. Complete plots of fractional density-versus-time for both stages of shear

Table 5-6. Specimen Masses for Shear Consolidation Tests
,, , ,,,! , , , ,,, ,

Specimen Mass

Test Wet Mass Mass of Salt

(kg) Matrix

SCIB 2.2203 2.1512

SC2A 2.1219 2.0584

SC3A 2.2497 2.1835

SC4A 2.1740 2.1083

SC5A 2.3857 2.3058

SC6A 2.1476 2.0849

SC7A 2.2930 2.2220

SC8A 2.1761 2.1099

SC9B 2.2351 2.1658
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Figure 5-6. Rate change in fractional density-versus-fractionaldensity for Stage 1 of all
hydrostaticconsolidationtests.
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Figure 5-7. Fractional density-versus-time for consolidation tests at 3.45 MPa conf'ming
pressure.Damp shear consolidationtests and saturatedhydrostaticconsolidation
tests arc included.
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Figure5-8.Fractionaldensity-versus-timefordamp shearconsolidationtestsat5.17MPa
confiningpressure.

53



iqal.tlff41m.lM

Figure 5-9. Fractional density-versus-time for consofidation tests at 6.90 MPa confming
pressure. Damp shear consolidation tests and saturatedhydrostaticconsolidation
tests are included.
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Table 5-7. Moisture Contents and Saturation Levels for Shear Consolidation Tests
!! i_ ................. ............... i i_ I .... II IIII -- iIIJl[ _- i ir T- i 1 _ Illll[lIIIII

Initial Value After Stage 1
IlUl .......................................

Test M0tltu_(') saturation Motsture ('> Saturation
Content Level Content Level

(%) (%) (%) {%)
i i [i ii - [ ]1[111i - -_ ...........................

SCIB 2.34 12.0 2.34 79.84

SC2A 2.25 12.3 2.25 92.27

SC3 A 2.21 11.3 2.21 71.54

SC4A 2.27 11.1 2.27 83.81

SC5A 2.52 15.2 0.09 100

SC6A 2.19 9.6 1.61 100

SC7A 2.33 12.1 1.11 100

SCgA 2.29 11.1 0.64 100

SC9B 2.33 11.1 1.34 100
, , i i ,i ,IHU

(a) Mass of water divided by dry mass.

Table 5-8. Dry Fractional Densities for Shear Consolidation Tes& ')
ii ii ii mill i i i iii i iiiiiiiii i i|11 i iii ii ii iiiii i i

Initial After After Load After After
Test

Value Conditioning Application Stage I Stage 2
i ii I i _ _ II II i li I i J _

SC 1 0.6769 0.7482 0.7354 0.9331 0.9635

SC2 0.6911 0.7396 0.7515 0.9437 0.9879

SC3 0.6767 0.7500 0.7359 0.9297 0.9697

SC4 0.6673 0.7438 0.7508 0.9378 0.9516

SC5 0.7113 0.8136 0.8244 0.9994 1

SC6 0.6427 0.7714 0.7947 0.9636 0.9768

SC7 0.6797 0.7743 0.7778 0.9753 0.9782

SC8 0.6650 0.7763 0.7530 0.9862 0.9719

SC9 0.6611 0.7833 0.7863 0.9700 0.9896
i i i i.ii

(a) Densities are based on volume measurements given in Table 2-6.

..|l ill i i _ i i i
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consolidationmas are given in AppendixD. The fractionaldensitydataobtainedd_g S_

2 of Tests SC4A and SC6A show increasesdue to leaks in the test systems _d me _om_.
A suddenincreasein fractionaldensityduringStage2 of Test SC3A accompaniesthe intentional

shut-downof p_re vessel heaters.

Rates of change in fractionaldensity are plotted venus fractionaldensity in Figures 5-10.
5-11, and 5-12 for Stage 1 of tests at each of the threeconfming pressures. _ dataalso

show no systematic co_nelationbetween densiflcation raw and the magnitudeof axial saeu

difference and aregiven for reference.

Axial strains _ plotted as a function of time in Figures 5-13, 5-14, and 5-15 for shear
consolidationtests at confining pressures of 3.45, 5.17, and 6.90 MPa,res_tively. _h plot
containsdata obtainedat three values of stressdifference. Lateralstrains are given in Figures

5-16, 5-17, and 5-18 for the three conf'ming pressures. The strains accumulated during

application of the stress difference are shown in these plots. _ load-up strains were

determined by matching the displacementsmeasuredwith the LVDT and dilatometerto those

determined using pre-stage and post-stage indirect contact measurements. Initial specimen
densities are notuniformfor these tests so thatdirectcomparisonsof axialandlateralstraindata

arequesticnable;however, thedata generallyshow that at each pressure,tests with greateraxial

stress differencesshow greateraxialstrainand less lateralcompaction.

It is evident fromthese data thatfor each of the threepressuresshown,the magnitudeof the
stress difference has no systematic effect on consolidation rate. This conclusion is consistent

with the results of Zeuch et al. (1991) who obtained conflicting results from two shear
consolidation tests. Althougha higherstressdifferencecontributesto a highermean stress, thus

serving to increase the consolidation rate, the applied stress difference may also enhance the

development of void volume within the specimen and thereby slow consolidation.

Comparisonof hydrostaticand shearconsolidationdata show that at a confinin_ pressureof
3.45 MPa, the brine-saturatedspecimensunderhydrostaticload tendto consolidatemorequickly

than do damp specimensundershearload. The data obtainedat 6.90 MPashow some overlap
between consolidationrates obtainedduringhydrostatictests on saturatedspecimens andduring

shearconsolidationtests on dampspecimens. Unfortunately,the effects of saturation andsmall
applied shearloads on consolidationratecannotbe separatedusing this limited data set.
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Figure 5-I0. Ratechangein fractionaldensity-versus-fractionaldensityfor consolidationtests at
3.45 MPa confining pressure. Damp shear consolidation tests and saturated
hydrostaticconsolidationtests are included.
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Figure5-11. Rate change in fractionaldensity-versus-fractionaldensity for damp shear
consolidationtestsat 5.17 MPaconfiningpressure.
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Figure 3-12. Ratechangein fractionaldensity.versus.fractionaldensityfor consolidationtestsat
6.90 MPa confining pressure. Damp shear consolidation tests and saturated
hydrostaticconsolidationtests are included.
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Figure 5-13. Axial strain-versus-timefor Stage I of all shear consolidationtestsat 3.45 MPa
confining pressure.
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Figure 5-14. Axial strain-versus-time for Stage 1 of all shear consolidation tests at 5.17 MPa
confining pressure.
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Figure 5-15. Axial strain-versus-time for Stage 1 of all shear consolidation tests at 6.90 MPa
confining pressure.
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Figure5-16.Lateralstrain-versus-timefor Stage1 of all shearconsolidationtestsat 3.45MPa
confiningpressure.

63



0.10
,in

WIPPCrushed Salt Shear Consolldotlon

oz = 5.17 MPo
SC7A : A _I = 1.38 keo

0.08 SCSA: A _rI = 2.76 MPo
SCgB: A _rI = 4.14 kiP(]

i

0.00
0 25 50 75

TIME(Days)

FISk197-92.t31

Figure 5-17. Lateral strain-versus-timefor Stage I of all shearconsolidationtests at 5.17 MPa
confining pressure.

64



0.10
a

WIPPCrushedSaltShearComolidotTon
0'3 = 6.90 MPa
SC,4A: A o"t = 0.69 MPo

0.08 SCSA: A o'I = 2.07 MPa
SC6A : A 0'I = 3.44 MPo

R81-111741_-132

Figure5-18. Lateralstrain-versus-timefor Stage 1 of all shear consolidationtests at 6.90 MPa
confining pressure.
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5.4 Pernwablilty Data

Brine flow-versus-time data are presented in Appendix F for the RFJSPEC Inc..furnished

specimens. Flow is given as volume and refers to the cumulative change in fluid level in the

downstream reservoir. As mentioned in Section 4.4, post-test fluid continuity checks were

performed on specimen assembly components for most tests. The results of these checks are

summarized in Table 5-9. The only test in which one component was completely blocked to

fluid flow was SC7A. The results were inconclusive for several tests because removal of the

specimen assembly components may have opened an otherwise blocked passageway.

The flow-versus-time curves for all tests except HC5 and SC7 show an overall positive slope,

indicating the flow of brine from the high pressure to the low pressure reservoir. A negative

slope indicates that the specimen was unsaturated and that brine flowed from the downstream

reservoir back into the specimen, displacing air. When air bubbles were observed to emanate

Table 5-9. Results of Post-Test Fluid Continuity Checks of Platens, Faceplates, and Porous
Felt Metal Disks for RE/SPEC Inc.-Furnished Specimens.

Check Performed ResultsTest
Yes No Pass Fail Inconclusive

HCIA X
HC2A X X
HC3A X
HC4A X X
HC5A X
HC6A X X

SClB X
SC2A X
SC3A X X
SC4A X X
SC5A X X
SC6A X X
SC7A X X
SCSA X X
SC9B X X
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from a specimen, the fluid level in the downstream buret was recorded before and after the air
bubble caused the fluid level to drop, and the data were subsequendy corrected so that the drop

would not be reflected in the processed data. This procedure was initiated when it was thought

that the appearance of air bubbles were isolated incidents and would falsely lower the measured

flow rates. Correcting the data provides maximum flow rates and highest permeabilities, and

therefore the worst case scenario from the standpoint of repository performance. Many air

bubbles apparently were undetected.

The levels of saturation at the start of the permeability stage are given for each specimen in

Tables 5-3 and 5-7. These saturation levels were determined from specimen volumes measured

after Stage 1 and from moisture content measurements (modified by saturation and by the

extrusion of brine from the specimen during Stage 1 consolidation). Surprisingly, several

specimens that were unsaturated at the start of the permeability stage (SC1B, SC2A, SC3A, and

SC4A) showed flow rates with positive slopes, while several saturatedspecimens (HCSA, HC6A,

SCSA, SC6A, SC7A, and SC9B) showed episodes of negative slope. It therefore appears

possible that even in saturated specimens, localized areas may remain unsaturated, while in

unsaturated specimens, a continuous saturated zone may connect the upper and lower specimen

surfaces and provide a pathway for brine movement.

Flow rate decreases as a function of time for all tests. For tests in which flow rate changed

substantially throughout the test, separate fits were made to the data over different regions of the

flow-versus-time curve. Tables 5-10 and 5-11 give a summary of the permeability data for

hydrostatic and shear consolidation tests, respectively, and list the intervals that were used for

these separate fits. The tables give the flow rate for each interval, the calculated permeability,

and dry fractional densities determined before and after the permeability stage.

Allpositivepermeabilityvaluesshown inTable5-10and 5-11,as wellasalldatafor

Specimen19JUNg0,areplottedinFigure5-19asa functionofthefinaldryfractionaldensity.

The data(logpermeabilityversusfractionaldrydensity)werefitusinglinearregressiontoobtain

a changeinpermeabilityof1.9ordersofmagnitudefora 0.1changeinfractionaldensity.The

coefficientofdeterminationforthisfit(rz)is0.25andthestandarddeviationforanypredicted

permeabilityvalueis± 0.85ordersofmagnitude.The lowcoefficien_ofdeterminationsuggests

thata linearmodelmay notbeappropriatefordescribingtherelationshipbetweenpermeability

andfractionaldensity.To obtainthehighestpermeabilities(andthereforetheworstcasescenario

fromthestandpointofrepositoryperformance),thedatawerereplottedinFigure5-20usingonly

theinitialslopesfortestsinwhichflowratesslowedsubstantially.Alldatamarkedwithan

asteriskinTable5-9,aswellasdataforSpecimen19FUN90fitwithinsubregionl,areincluded
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Table 5-10. Summary of Permeability Data for Hydrostatic Consolidation Test Specimens
i ifill _ II _ ]...... i[_ _ } ....... i . II i i _ ..... _ I [ iiii i ii iiii [r i _1 I liE| I II ......

Fluid Coeflnl_ hdmd Fbud Flew Per'me-
Trot Leq_ D_mem" Premure PreemJre FmctJoml F_ RaCe IbllJ_7

(m) (m) (MPiO (Mh) I)em_ Demi_ mJ/s (ms.)
nil I I_ I[I_II[L[II IIII lit : -_ I1,]11 I . I I I nl J ] I I _ " Ilill II1[11 II Hi iiiii

BCIA

*Days 1-20 0.17 0.091 0.05 0.86 0.8978 0.9037 9.65E-06 6.34E-18

Day 20.64 0.17 0.091 0.05 0.86 0.8978 0.9037 1.(181E-06 7.08E.19
......... iillll I II [ I II I Ill I IIlIflllli [Llm Illl Illl Ililiil IIIllllil I I Jill

HC2A
*DaD 1-19.5 0.167 0.091 0.43 0.86 0.947 0.9465 6.42E-05 4.88E-18

i I .... i i i Iilll I i II II Ill II I i I _L. i i IlllllllI II I _ _ Illlll I I I I1'

HC3A

*Days 7-14 0.164 0.090 0.86 1.72 0.9541 0.942 5.75E-06 2.14_19

Days 7-35 0.164 0.090 0.86 1.72 0.9541 0.942 3.81E-06 1.42E-19

Days 36-63 0.164 0.090 0.86 1.72 0.9541 0.942 1.26E-06 4.70E-20

Whole Test 0.164 0.090 0.86 1.72 0.9541 0.942 2.64E-06 9.86E-20
-- i iiiiiil II if ii ill iJi -- l

HC4A
*Whole Test 0.163 0.09 0.86 1.72 0.9693 0.9359 3.67F.,-06 1.37E-19

iiiiillll i ii iii ill IIIH II I Ill| I I I II I I I I

HCtA
*Whole Test 0.159 0.091 1.73 3.45 0.9926 1 1.93E-08 3.42E-22

i _ ,, _ ,,, _

HC6A
*Whole Test 0.164 0.089 1.73 3.45 0.9929 1 5.26E-07 IE-20

within this plot. The data in this figure were also fitted using a linear regression to obtain a

change of 2.1 orders of magnitude in permeability for a 0.1 change in dry fractional density. The

coefficient of determination for this fit @2)is 0.32, and the standard deviation for any predicted

permeability value is ± 0.89 orders of magnitude. Again, a linear relationship between

permeability and fractional density may not be appropriate. The scatter in permeability values

obtained at a given value of fractional density is much larger than the measurement error of

approximately 5 percent. The permeability values determined here are higher than those obtained

by Holcomb and Shields (1987) using argon gas as the permeant.

The decre_ in flow rate as a function of time for each test was unexpected. It was

hypothesized that the change in brine temperature from 25°C in the pressure vessel to 20°C at

the downstream reservoir might have caused salt precipitation at the exit. To test this hypothesis

the pressure vessel heaters were turned off after 62 clays of permeability testing for test SC3A.

The data, shown in Figure 5-21, indicate that turning off the heaters had no measurable effect

on flow rate. One speculative idea for the decrease in flow rate is that some amount of
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Table 5-1 I. Summaryof PermeabilityData for Shear ConsolidationTest Specimens
i,ii i11 , 11 ii i , i ,.,li f i ii ..... i i i i r 1 1 i i i i i i ,i !

Fluid _ IMtbd Final Flow PRmm.
Tat Letqtb i)bJmeter PruiJre P_re F_ F_ RaCe ability

(m) (m) (MPm) (MPm) Demlty Demlty ml/s (ms)
jlllt, i _ .........

SCIB
*Days 0-3 0.16 0.092 0.92 1.84 0.933i 0.9635 1.08E-05 3.54E-19

Days 3-62 0.16 0.092 0.92 1.84 0.9331 0.9635 9.88E-07 3.25E-20

Days 56..62 0.16 0.092 0.92 1.84 0.9331 0.9635 1.93E-07 6.25E-21

Whole Test 0.16 0.092 0.92 1,84 0,9331 0.9635 1.29B-06 4.23E-20

SC2A

*Days 29-32 0.151 0.093 0.98 2,93 0.9437 0.9879 4.34E-05 1.23E-18

Days 36-56 0.151 0,093 0.98 2.93 0.9437 0.9879 2.78E-06 7.89E-20
........... , , , , , , i ,H

SC3A

*Days 0-18 0.156 0.093 1.03 2.07 0.9297 0.9697 1.16E-05 3.22E-19

Days 85-95 0.156 0.093 1,03 2.07 0.9297 0.9697 2.97E-06 8.26E-20

Days 95-125 0.156 0.093 1.03 2.07 0.9297 0.9697 3.40E-07 9.45E-21

Whole Test 0.156 ,0.093 !.03 2.07 0.9297 0.9697 2.96E-06 8.24E-20

SC4A

*Days 0-17 0.158 0.091 1.78 3.57 0.9378 0.9516 3.00E-05 5.18E-19

Days 17-64 0.158 0,091 1.78 3.57 0.9378 0.9516 -2.19E-07 -3.78E-
21

Whole Test 0.158 0.091 1.78 3.57 0.9378 0.9516 4,76E-06 8.22E-20

SC5A

*Days 0-1 0.16 0.092 1.9 3.79 0.9994 1.0145 4.32E-05 6.90E-19

Whole Test 0.16 0.092 1,9 3.79 0.9994 1.0145 3.74E-07 5.97E-21

SC6A

*Days 0-13 0.153 0.093 2.01 4.02 0.9636 0.9768 1.80E-06 2.56E-20

Test to Date 0,153 _ 0.093 2.01 4.02 0.9636 0,9768 6.68E-08 9.53E-22

SC7A

*Days 0-2 0.16 0.093 1.41 2.81 0.9753 0.9782 4.37E-06 9.24E-20

Test to Date 0.16 0.093 1.41 2.81 0.9753 0.9782 -3.38E-07 -7.15E-
21

SCSA

*Days 0-6 0.151 0.093 1.52 3.05 0.9862 0.9719 6.99E-06 1.29E-19

Days 30-36 0.151 0.093 1.52 3.05 0.9862 0.9719 1.61E-05 2.99E-19

Whole Test 0.151 0.093 1.52 3.05 0.9862 0.9719 3.45E-06 6.39E-20

SC9B

*Days 107 O.151 0.094 1.64 3.28 0.9701 0.9896 1.99E-06 3.31E-20
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Figure 5-19. Permeability-versus-fractional density. All fits to the data given in Tables 5-10 and
5-11 axe shown.
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Figure 5-20. Permeability-versus-fractionaldensity.Only values markedby anasteriskinTables
5-I0 and 5-I I are shown.
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Figure5-21. Brinevolume-versus-timefor Test SC3.
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dissolutionand precipitationoccursas the brinemoves throughthe specimen. It is possible that
precipitationcauses the narrowingof some passageways,and so causes the flow rateto decrease.

5.5 Test Control

Stresses and temperatureswere held at constant values by feedback mechanisms in the test

systems. Appendices G, H, andI containtest damillustratingthe conditions maintainedduring
each test. Appendix G contains plots of axial stress-versus-timefor Stage 1 of all shear
consolidation tests, and AppendixH containsplots of confining pressure-versus-timefor both
stages of all tests on RE/SPEC Inc.-furnishedspecimens. Appendix ! provides records of
temperature-versus-timefor these tests as measuredby a thermocouplelocated in the pressure

vessel wall. A temperatureof 299.5 K (26.5°C) at the pressure vessel wall correspondsto a
specimen temperatureof 298 K (25°C).

The dataacquisition and controlcomputerunderwentthree malfunctionsduringthe testing
sequence causinglapses in dataacquisitionthatcan be seen in several tests. The test conditions
were maintainedthroughmanual controlduringthese outages.

Several tests show shortdurationincreasesin temperaturedue to malfunctionsin the heat
pump that controlled laboratorytemperature. These temperatureexcursions are measurable at

the pressure vessel wall but are substantiallydamped at the specimen. Sharp drops in
temperature,down to 290-291 K, reflect a malfunctionsuch as a loose electrical connectionin

the temperaturereadoutdevice. This was seen in Test SC4A;however, the errorwas only in the

computerreadoutof temperature. The temperatureusedby the temperature-controlfeedbackloop
was unaffected.
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6.0 SUMMARY

Fifteen consolidation tests and eighteen permeability tests were performed on WIPP crushed

salt to determine the effects of brine saturation and small applied stress differences on

consolidation properties and the relation between brine permeability and crushed salt density.

Three of the test specimens were consolidated by Division 6117, Sandia National Laboratories

and then furnished to RE/SPEC Inc. for permeability testing. The remaining specimens were

prepared, assembled, and tested at RE/SPEC Inc.

The Sandia-furnished specimens were subjected to a hydrostatic stress of 6.90 MPa for a

period of greater than 10 days to allow pore fluid pressures to stabilize. In the second stage, the

hydrostatic stress was dropped to 3.45 MPa and a brine fluid pressure was applied at one end of

the specimen to produce a fluid pressure drop across the specimen of 345 kPa. The duration of

the second stage was 100 days during which time flow measurements were made at specified

time intervals. During both stages, volumetric strains were measured and the test temperature

was held constant at 25°C. Two Sandia-fumished specimens, 20SEP89 and 19JUN90, were

tested successfully, while the test on Specimen 20JUN90 was aborted during the first stage

because of a rupture in the jacket protecting the specimen from the pressurizing oil. No

volumetric strain or permeability measurements were made for the aborted test. In the two

successful tests, the brine flow measurements made during the second stage of each test were

used to calculate permeability. For Specimen 20SEP89, steady-state flow could not be

established in 100 days of testing. In fact, flow measurements indicated that the specimen was

not saturated. Similar results were obtained for the f'n'st 50 days of testing on Specimen

19JUN90; however, over the last 50 days of testing, a positive but very low flow rate was
achieved.

Six brine-saturated crushed-salt specimens were placed under hydrostatic stress for up to 111

days while changes in volume were measured. Nine damp specimens containing 3 percent brine

by weight were placed under triaxial creep conditions at small shear stresses for 60 days. After

densities above 90 percent of the intact salt density were reached, stresses were decreased to stop

further consolidation and permeability tests were performed using the steady-state flow method.

Confining pressure used for consolidation stages ranged from 1.72 to 6.90 MPa, and axial stress
differences were between 0.69 and 4.14 MPa.

Results of the hydrostatic consolidation tests show that consolidation rate increases with

increasing confining pressure. Previous work (Zeuch et al., 199 i) indicates that saturation has
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littleeffect,orperhapsonlya slightretardationeffect,onconsolidationratesforspecimensthat

arealreadydamp. Becauseofdifferencesinspecimenassemblies,thedatapresentedherecannot

be directlycomparedwithpreviouslypublisheddata.Thesedata,therefore,offerno further

clarificationofthisissueatthistime.

The shearconsolidationtestsshow thatforthesmallaxialstressdifferencesusedinthis

study,thereisno systematiccorrelationbetweenthemagnitudeoftheappliedshearstressand

theconsolidationrate.Thisisconsistentwithresultsobtainedby Zeueh etal.,1991.

Permeability tests show that permeabilities for consolidated crushed salt decrease as dry

fractional density increases. Permeability also decreased as a function of time for each test. The

initial permeabilities provide the "worst case scenario" from the perspective of repository

performance and so the initial data were used to determine a relationship between permeability

and dry fractional density. It was found that permeability decreased approximately 2.1 orders

of magnitude as fractional density increased from 0.90 to 1.0. Values of permeability ranged

from 6 x 10"t8m2 for a fractional density of 0.90 to 3 x 10"_'m2 for a fractional density of 1.0.

Permeability changes in crushed-salt seal components are likely to decrease over an even greater

range of values, however. The reference seal system design (Nowak et al., 1990) Calls for

emplacement at a fractional density of 0.80, though recent design considerations suggest the

desirability of emplacement at a slightly higher value (Van Sambeek et al., 1993); the

permeabilities reported here correspond to fractional densities of about 0.90 and greater.
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APPENDIX A. REPORT CONTAINING RESULTS OF CHEMICAL

ANALYSES OF WlPP SALT, SUBMITTED TO RE/SPEC INC. BY TWIN
CITY TESTING CORP., RAPID CITY, SOUTH DAKOTA
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I::UJIn CIEV i:eSl:ln¢:l
¢omorat:]on

781 _ AVENUE 640WESTMAIN
RAPIOCIW. SO577(_ LEAD.SO57754
PHONE60_348-,.q8_ PHONS605/5&4-2007

C_IE_ _r_ TORY
t854 LOMBA/_YDRNE

RAROOW. SO57701
PHONE605/341-7284

Yebtua=y 7, 1992

RE/SPEC INC.
P.O. Box 725
Raptd Ctty, S.D. 57709
59_.-6400

Job Number: 6110-92-- 266 Po#: 5737
Sample Description: wzPP/cs-A

Lab NumOe,-: 3601

PARAHETER RESULT, % DATE/ANALYST

Calcium 0.15 2/6192 BC

Chloride s8.0 2/7/92 _q

Magnesium 0.062 2/6/92 BC

Potassium o. 15 1 216192 BC

Sodium 35.o 2/6/92 BC

Strontium 0.o05 2/6/92 sc

Su1fate 0.62 2/7/92 Kc

Total Dissolved Soltds 4850 2/7/92 3Q

% Insolubles 0.91 2/5/92 Jq

_, EDTA Insolubles 0.32 2/7/92 3q

Dace Received: !131./92

Rev£ewed BY: __/O.,C.L_



I:iJUllnatie I:eStlnl:l
_Ix_on

78_N3USl_ AVENUE 640Writ
PARDCITY.SD57702 LEAD.SO57754
PHONE608/348_._I_ PHONE60_/884-2007

/.AaOgATOm'
1884LOM_Y DRME

RAPIDCITY.SO,,_/701

_ebruary 7, 1992

RE/SPEC INC.
P.O. Box 725
Rapid City, S.O. 57709
394-6400

J0b Number: 6110-92- 266 PO#: 5737
Sample Description: wzPP/cs-B

Lab Number: 3602

PARAMETER RESULT, % DATE/ANALYST

Calcium 0.26 2/6/92 BC

Ch1oride 58.0 2/7/92"Jq

Magnesium 0.074 2/6/92 BC

Potassium 0. 174 2/6192 BC

Sodium 34.2 2/6192 BC

Strontium 0.006 2]6/92 BC

Sul fate 0.96 217/92KC

Total Dissolved Solids 48oo 217/92 3q

Znsolubles 0.83 2/5/92 2q

7,EDTA Znsolubles o.51 2/7/92 3q

Dace .Recei.ved: 1131/92

Reviewed.y: ___
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I:uJin Clt tlnq

cH_ _4JO_rO_
1_ LO_Y D_

C_Y.SO577O1
PHONE_t-72_

February 7, 1992

RE/SPEC INC.
P.O. Box 725
Rapid City, S.D. 57709
594-6400

Job Number: 61 10-92- 266 ¥0#: 5737
Sample Description: wzPP/cs-c

Lab Number: 3603

PARAMETER RESULT, % DATE/ANALYST

Calctum 0.24 2/6/92 BC

Chloride 56.0._ 217192 3q

Magnesium 0.084 2/6/92 SC

Potassium 0.232 216192 BC

Sodium 34. i 216192 BC

Strontium 0.00,_ 216192Bc

Sul fate 0.98 2/7192 I(c

Total Dissolved Sol tds 4750 2/7/92 3q

¢ Insolubles t.52 2/5/92 Jq

EDTA lnsolubles I.O! 2/7/92 Jq

Date Received.: 1131/92

Reviewed By: _
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APPENDIX B. MEMORANDUM SUMMARIZING RESULTS OF
MINERALOGICAL ANALYSES OF WASTE ISOLATION PILOT PLANT

SALT, SUBMITTED TO DR. DARRELL E. MUNSON BY C. L. STEIN

B-!



l:X:l
t_



wpo7352 Sa.diaNationalLaboratories
date. August 10, 1983 Albuquerque. New Mex,co87185

tO: D. |. Itunson - 6332

from: C. L. Stein- 6331

.~

sublecz. Results of Htneralostcil Analyses

The results of 28 analyses £or mineral residue content of WZPP-SPDV
halites are presented )ere. These samples, ranging generally in amounts
of approximately 100-5C0 g, were first weighed out accurately, then
stirred and dissolved overnight In distilled water; the water-insoluble
residues were filtered onto preweighed Wherman filter paper discs, dried,
reweighed, and the weight percent of water-insoluble mineral residue thus
calculated (Table 1). Splits of this material were removed for x-ray
diffraction analyses and the remainder used in the EDTA treatment as
follows. The remainders of the water-insoluble residues were weighed
out, boiled for 4 hours in 0.25 M di-sodium EDTA, filtered onto pre-
weighed Vhatman filter paper discs, dried, reweished, and the BDTA-
insoluble weight percents calculated as before (Table 1). Note that the
ZDTA weight _ercents are calculated from the sample weights which are
Water,insoluble residues, not the total sample weights. In a few cases.
there was simply not enough of the water-insoluble residue left to treat
with EDTA. In a few other cases, the amounts were so small that, while
I did manage to obtain EDTA-insoluble weight percentages, I am n©,t c_m-
pletely confident of their accuracy. As a check of the reproducib|ltt$
of the EDTA numbers, l repeated the procedure on spl_ts of 4 samples
where sufficient material was available, The EDTA-insoluble weight
percentages Z obtained were reproducible to within ±25.

The x-ray diffraction results from the water-insoluble residues (Table 2)
showed the major components to be quartz, anhydrite, gypsum, magnestte,

. polyhalike, and a clay (probably nontmorlllontte). Based on visual
inspection of the XRD peaks and knowledge of the relative diffraction
efflctenciee of these minerals, their relative abundances are qualita-
tively reported here as presence in major (M), minor (m), and trace (tr)
amounts. Note that this is not a quantitative technique, and these
results must not be interpreted in such a way,

After treatment with tDTA, the samples contained only quartz and clay; it
is of interest to see that. followin8 the removal of the £DTA-tnsoluble
minerals (anhydrlte, gypsum, magnesite, and polyhalite), the clay frac-
tion is seen to contain kaolinite and a 10A clay (presumably Illite) in
addition to montnorillonite (Table 3). Owing to the tremendous contrast
in diffraction efficiences between the quartz, which was essentially
ubiquitous, and these clays, it was felt that even a qualitative estimate



-2-

of rel•tlventner•l abundances would be stale•dins. Hence X Nport here
onZy the presence or absence of these phases. However, since tMe water-
insoluble XRD patterns _ pick up the nontmorlllonite (but not the _OA
or 7_ reflections), it nay be safely assumed that It Is the most abundant
of the clay species present. X have requested additional XRDwork
(lnvolvtn& standard techniques For heat and ethylene Slycol tceatment)
for more specific clay identification; X expect those results within •
week or two.

This work Is to be continued; X am awattinK completion of •bout • dozen
thin sections of DO-52 and {)0-53. X requested them primarily For the
purpose of examtn!nK them for clay distribution and the authlKenic quartz
that X have reported on previously. Plans are presently undeevay for •n
experimental attempt at ustn$ redto|raphy and/or Kammt-beamdensitometry
(all facilities available at Sandt•) to examine core for non-N•¢l consti-
tuents. Until one of these techniques proves feasible, selected samples
may be analyzed by the dissolution method described here •lthoush the
time scale 18, at present, somewhat uncertain. & request has been made
to UNN to find • replacement for Richard Hatker, the student who per-
fomsed these XRD analyses, and every effort 18 betn$ made to coordinate
with UNM so that this portion of the project will be runntns smoothly by
September 1st.

CL$:6331:cds(3621)
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T_BL_ I °

trZPP-SPD¥Siunnles:Znsolub29._esidue!

.... Vster_|pso]uble ..... KDTA-Inso3uble

Sample Residue Welsht 8empZe Residue WeiKht
Smvle Number _ _ _ _ _

1. DO-$2-49.?-49.9 12u 394.46 3.99 3.01 3.13 2.70 86.26

2. 90-52-48.7-49.2 12u 315.06 16.59 5.27 5.31 4.33 81.54

3. I)O-52-42.6-43.5 11u 543.62 17.97 3.31 5.13 4.58 89.28

6. I)O-52-39.4-40.0 lOu 336.10 0.]1 0.03

_. I)0-52-33.8-34.7 gu 538.73 20.28 3.76 5.05 3.98 78.81

90-52-27.1-27.9 8u 479.19 10.54 2.20 4.62 2.54 54.98

7. DO-$2-76.1-24.7 7u 300.20 0.11 0.06

8. D0-52-20.4-21.0 6u 362.35 2.49 0.69 1.50 0.71 67.33

9. I)O-52-14.3-15.0 Su 415.57 2.15 0.52 1.61 0.72 44.72

10. I)O-52-10.8-11.7 4u 554.81 4.8* 0.87 3.28 1.64 50.00

11. DO-52-9.0-9.7 3u 451.09 0.03 0.01

12. DO-57-2.0-2.75 2u 436.67 2.16 0.49 1.32 0.91 68.94

13. I)O-52-0.5-1.0 lu 354.33 0.73 0.21 0.45 0.39 86.67_

"'. DO-53-?.35-2.6- 1D 106.42 0.60 0.56 0.22 0.12 54.55 t

1:)O-53-4.O-4.3 1D 206.53 1.28 0.62 0.80 0.28 35.00 •

16. DO-S3-core Frees. 2D 236.37 8.?7 3.50 3.37 2.58 76.56

17. DO-53-14.1-14.5 3D 251.72 0.40 O.16 0.36 0.14 38.89 •

18. DO-53-17.15-17.80 3D 464.01 5.47 ].18 3.03 1.77 58.42

19"..DO-53-73.7-74.1 4D 155.36 !.76 O.81 0.96 0.59 _1.46

20. DO-53-26,1-24.65 4D 326.42 7.93 2.43 5.09 3.71 33.60

21. DO-53-27.1-27.8 SD 526.30 4.63 0.89 3.19 1.68 52.66

22. 90-53-31.0-31.5 6D 342.93 0.21 0.06

I)O-53-36.1,-36.7 7D 364.13 1.89 0.52 1.47 1.11 79.59

4e. DO-53-43.2-43.6 8D 243.82 0.50 0.21 0.22 0.22 100.00 x

25. DO-53-43.6-44.0 8D 248.19 0.35 O.14 0.25 O.12 48.00 _

26. I)O-53-47.7-48.05 9D 231.51 3.89 1.68 2.87 1.53 53.31

27. DO-53-48.0_5-48.25 9D 112.96 1.48 1.31 1.18 0.77 62.25

28. 2065 290.20 2.28 0.79

mYery little msterisl to work with; these vslues mey be lnsccur&te.

CL3:6331(3621)
_y 27, 1933
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TABLE 2

X-RAY DIFFRACTION ANALYSESOF bIATER-INSOLUBLERESIDUES

Clay
!!o n tmo r t 1-

Sample No. Quartz AnhYdrite _p.su...mm Iqa_nesite .Polyhalite lonite

I:)O-52-49.2-49. g H m m m

1)O-52-48.7-49.2 H m tr

I)O-52-42.6-43.5 11u H m tr

I)0-52-33.8-34.7 H m tr

D0-$2-27.1-27.9 H H tr

i)0.52-20.4-21.0 6u H m H K

D0-$2-14.3-15.0 H H

90-52-10.8-11.7 m H Iq H H

1)O-52-2.0-2.75 2U H H m H tc

DO-S2-0.5-1.0 lu lq H br

2065* M M m

!)0-53-2.35-2.60 1D m H H m m

I:)0-53-4.0-4.3 1D H m H m m tr

DO-S3-Core frasments N H

DO-53-14,1-14.$ 3D m H H m

D0-53-17.15-17.80 H n H. tr

DO-53-23.7-24.1 H tr H tr tr

I)O-53-24.1-24.65 4D H H m H H m

!)O-53-27.1-27.8 SD H tr H tr

DO-53-31. O-31.5 H

D0-53-36.1-36.7 7D m H tr

I)O-53-43.2-43.6 8D H H tr

90-53-43.6-44.0 8D H H H m

D0-53-47.7-48.05 m H tr

I)0-53-48.05-48.25 m * H tr

• Further work on this smuple was dropped vhen It was learned that its location

was unknown.
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TABLE 3

X-RAY DIFFRACTION ANALYSES OF EDTA-INSOLUBLE RESIDUES

No ntmo r i 1-
1on ite I111te I(&olinite

S,,epl, ,o. ouartz 14_ _) q7_)

90-52-49.2-49.9 X X X X

I)O-52-48.7-49.2

I)O-52-42.6-43.5 11u X

DO- 52-33.8-34.7 X X X X

!:)O-52-27.1-27.9 X X X

I)O-52-20.4-21.0 6u X X X X

DO-52-14.3-15 .O

90-$2-10.8-11.7 X X X

90-$2-2.0-2.75 2u X X X X

90-52-0.5-1.0 lu X

I)O-53-2.35-2.60 1D

DO-53-4.0-4.3 1D X X X

90-53-Core £r&Kments X

90- 53-14.1-14. $ 3D

1)O-53-17.15-17.80 _ X X X

D0-53-23.7-24.1 X X X

1)0-53-24.1-24.65 4D

90-53-27.1-27.8 5D X X X X

90-53-31.0-31.5

1)O-53-36.1-36.7 7D X Z

DO- 53-43.2-43.6 8D

90-53-43.6-44.0 8D

i)O-53-47.7-48.O5 X X X Z

I)O-53-48.05-48.25 X X X X

H-2a-f)46 (base of Culebra) X X X Z
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APPENDIX C. SUMMARY OF TRANSDUCER REVERIFICATION DATA
FOR ALL HYDROSTATIC AND SHEAR CONSOLIDATION TESTS
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Table C-1. Reverification Data for Test HCIA
i i i i i i Ill ,, I I | I . I |H _ .I II

Transducer Reveri-
Test ficat/on Status at
and Transducer Test Test Condition or

Condition
Stage Nearest Calibration

Point <,_
, iii iJ , i.

HCIA Stage I Axial Load Cell 10.7 kN 1.68 percent high

Conf'ming Pressure 1.72 MPa 5.64 percent low

Pore Pressure N/A N/A

LVDT 0- 25.4 r0m Reverified

Dilatometer 0 - I00,000 mm3 Reverified

Te,aperamre 25°C Reverified
., , ,,, ,

HC1A Stage 2 Axial Load Cell 5.3 kN 1.68 percent high

Confining Pressure 0.86 MPa 5.64 percent low

Pore Pressure 0.05 -(3.42 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsare given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, deformation
transducers accurate to within 2 percent of reading, temperature accurate to within
±loC.

....... ,..,.
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Table C-2. ReveriflcationData for Test HC2A
i_ mJ i i i i i ii ,i i i m,

Transducer Reveri.

Test Test fleation Status at
and Transducer Test Condition or

Condition
Stage Nearest Calibration

Point(')
........ ,, ,,i i i f if i i ii i

HC2A Stage 1 Axial Load Cell 10.7 kN 2.40 percenthigh

Confining Pressure 1.72 MPa Reverified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer - 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

HC2A Stage 2 Axial LoadCell 5.3 kN 3.02 percent low

Confining Pressure 0.86 MPa Reverified

Pore Pressure 0.43 MPa Reverified

LVDT 0 - 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsaregiven as a percentof reading.Successfulreverificationrequiresload and
pressure transducers accurate to within 1 percent of reading, deformation
transducersaccurateto within 2 percentof reading,temperatureaccurate to within
±l°C.
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Table C-3. Reverification Data for Test HC3A
] i ii ii ] iiii iii i i i _ j . iiii i ii i i i i i

Transducer Reveri-

Test Test flcation Status at
and Transducer Condition Test Condition or

Stage Nearest Calibration
Point<.)

..... i lllJ i

HC3A Stage 1 Axial Load Cell 21.4 kN 1.04 percent low

Confining Pressure 3.45 MPa Reverified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0- 100,000 mm3 Reve_ed

Temperature 25°C 3.3°C high

HC3A Stage 2 Axial Load Cell 10.7 kN 1.04 percent low

Confining Pressure 1.72 MPa Reverified

Pore Pressure 0.86 MPa 2.04 percent high

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C 3.3°C high

(a) Err6'i'sare given as a percent of reading. Successful reverification requires load and
Ikessure transducers accurate to within 1 percent of reading, deformation
transducers accurate to within 2 percent of reading, temperature accurate to within
±loC.
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Table C-4. Reverificadon Data for Test HC4A

Transducer Reverl.

Test Test fleatlon Status at
and Transducer Condition Test Condition or

Stage Nearest Calibration
Point(')

...... • ,. . i i . , ,l,

HC4A Stage 1 Axial Load Cell 21.4 kN Reverified

Confining Pressure 3.45 MPa 2.40 percent low

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - I00,000 mm3 Reverified

Temperature 25°C Reverified
..... -- i

HC4A Stage 2 ,Axial Load Cell 10.7 kN Reverified

Confining Pressure 1.72 MPa 2.40 percent low

Pore Pressure 0.86 MPa 1.58 percent low

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified
,, ,,,

(a) Errors are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, deformation
transducers accurate to within 2 percent of reading, temperature accurate to within
±I°C.
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Table C-5. Reverification Data for Test HC5A
, i i

Transducer Reveri-

Test Test tleation Status at
and Transducer Test Condition or

Stage Condition Nearest Calibration
Point co)

HC5A Stage I Axial Load Cell 42.8 kN Reverified

Confining Pressure 6.90 MPa 2.91 percent low

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Ternperamre 25 °C Reverified
J

HC5A Stage 2 Axial Load Cell 21.4 kN Reverified

Confining Pressure 3.45 MPa 5.77 percent low

Pore Pressure 1.72 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer 0- 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsare given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, deformation
transducers accurate to within 2 percent of reading, temperature accurate to within
±I°C.
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Table C-6. ReverificationDatafor Test HC6A

Transducer Reveri.

Test Test ficatton Status at
and Transducer Test Condition or

Condldon
Stage Nearest Calibration

Pointc._
Ju,. , R • , , , t .,.. ,.,--, ,. , .

HC6A Stage 1 Axial Load Cell 42.8 kN 2.43 percent low

Confining Pressure 6.90 MPa Reverified

Pore Pressure N/A N/A

LVDT 0 - 25.4 rnm Reverified

Dilatometer 0 - I00,000 mm3 Reverified

Temperature 250C Reverified

HC6A Stage 2 Axial Load Cell 21.4 kN 4.39 percent low

Confining Pressure 3.45 MPa Reverified

Pore Pressure 1.72 MPa Reverified

LVDT 0- 25.4 mm Revertfied

Dilatometer 0 - 100,000 mm_ Revefified

Ternperamre 25oC Reverified

(a) Errorsare given as a percent of reading. Successfulreverifieation requires load and
pressure transducers accurate to within 1 percent of reading, deformation
transducersaccurate to within 2 percent of reading, temperatureaccurate to within
_IoC.
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Table C-7. ReverificationDatafor Test SCIB
i , i. i| i i

Transducer Reveri-

Test Test flcation Status at
and Transducer Test Condition or

Condldon
Stage Nearest Calibration

Point_*)

SCIB Stage 1 Axial Load Cell 26.6 kN 2.32 percenthigh

Confining Pressure 3.45 MPa 1.24 percent high

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverilied

Temperature 25°C Reverified

SCIB Stage 2 Axial Load Cell 11.4 KN 2.32 percenthigh

Confining Pressure 1.84 MPa 1.24 percenthigh

Pore Pressure 0.92 MPa 5.7 percentlow

LVDT 0- 25.4 mm Reverified

Dilatometer 0- 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsare given as a percentof reading.Successful reverificationrequiresload and
pressure transducers accurate to within 1 percent of reading, deformation
transducersaccurateto within2 percentof reading,temperatureaccurateto within
±I°C.
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Table C-8. ReverificationDatafor Test SC2A
i i ii i[ ]ii IIIIIH I ] g J III

Transducer Reveri-

Test Test flcation Status at
and Transducer Test Condition orCondition

Stage Nearest Calibration
Point(._

L i , ,i , i i i im

SC2A Stage I Axial LoadCell 31.9 kN Reverified

Confining Pressure 3.45 MPa 3.03 percentlow

Pore Pressure N/A N/A

LVDT 0- 25.4 mm 3.97 percent low

Dilatometer 0 - 100,000 ram3 Reverified

Temperature 25°C Reverified
IIIliH Ji R [ I I I I I I I li

SC2A Stage 2 Axial LoadCell 11.4 kN Reverified

Confining Pressure 1.95 MPa 3.03 percentlow

Pore Pressure 0.98 MPa Reverified

LVDT 0 - 25.4 mm 3.97 percent low

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

SC2A Stage 3 Axial LoadCell 11.4 kN Reverified

ConfiningPressure 2.93 MPa 3.03 percent low
t

Pore Pressure 0.98 MPa Reverified

LVDT 0 - 25.4 mm 3.97 percentlow

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsaregiven as a percentof reading.Successful reverificationrequiresload and
pressure transducers accurate to within 1 percent of reading, deformation
transducersaccurateto within2 percentof reading,,temperatureaccurateto within
±I°C.
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Table C-9. Reverification Data for Test SC3A
.....1

Transducer Reverl.

Test Test flcation Status at
and Transducer Test Condition or

Condition
Stage Nearest Callbratlon

Point<.>
.... ............. ' .......... tl '

SC3A Stage 1 Axial Load Cell 36.9 k2q Reverified

Confining Pressure 3.45 MPa 1.31 percentlow

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified
,,, i, u, , J

SC3A Stage 2 Axial Load Cell 12.8 kN Reverified

Confming Pressure 2.07 MPa 1.31 percent low

Pore Pressure 1.03 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsaregiven as a percentof reading.Successfulreverificationrequiresloadand
pressure transducers accurate to within I percent of reading, deformation
transducersaccurate to within2 percentof reading,temperatureaccurateto within
±l°C.
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Table C-10. Revefificadon Data for Test SC4A
, i i i T fl i , , i i i i i i ii L , Ill'

Transducer Reveri-

Test Test flcation Status at
and Transducer Test Condition orCondition

Stage Nearest Calibration
Point _*)

i. T i , il i i. ill i il i i is

_C4A Stage I Axial Load Cell 47.9 kN Revefified

Confning Pressure 6.90 MPa Revefified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Revefified

Dilatometer 0 - 100,000 mma Reverifed

Temperature 25°C Reverified
...... [ i i iii iii i i i

SC4A Stage 2 Axial Load Cell 22.1 kN Reverified

Confining Pressure 3.57 MPa Reverifed

Pore Pressure 1.78 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer 0- 100,000 mm3 Reverified

Temperature 25°C Reverified
.. , ,

(a) Errors are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, deformation
transducers accurate to within 2 percent of reading, temperature accurate to within
±1°C.
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Table C-11. RevefificationData for Test SC5A

Transducer Reveri.

Test Test tlcation Status at
and Transducer Condition Test Condition or

Stage Nearest Calibration
Point(.)

,111 , i 11 l, it ,Ill, i i , i , , i

SC5A Stage l Axial LoadCell 58.3 kN 1.27 percenthigh

Confning Pressure 6.90 MPa 1.71 percent high

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C 1.2°C low
, i i i|

SC5A Stage 2 Axial Load Cell 23.5 kN 3.30 percent high

Conf'mingPressure 3.79 MPa 3.40 percenthigh

Pore Pressure 1.90 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C 1.2°C low
• i i

(a) Errorsaregiven asa percent of reading.Successful reverificationrequiresload and
pressure transducers accurate to within 1 percent of reading, deformation
transducersaccurateto within2 percentof reading,temperatureaccurateto within
:t:l°C.
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Table C-12. ReverificationDatafor Test SC6A
,,,. .. n., ,,., , ..........

Trm_ucer Reverl.

Test Test tlcatton Status at
and Transdueer Condition Test Condition or

Stage Nearest Callbradon
Point(.)

,..... ,,, ,, ,, , , , , - - , , f, , , .,, ,, , , i ,, ,

SC6A Singe I Axial Load Cell 67.5 kN 3.78 percenthigh

Confining Pressure 6.90 MPa ReverLfied

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - I00,000 mm3 Reverified

Temperature 25°C Reverified
.......... ... ., , ,.

SC6A Stage 2 Axial Load Cell 25.0 kN 2.51 percent low

Conf'm.ingPressure 4.02 MPa 1.60 percentlow

Pore Pressure 2.01 MPa Reveri_ed

LVDT 0- 25.4 mm Reveri_ed

DUatometer 0 - I00,000 mm3 ReverLfled

Temperature 25°C Reverified

(a) Errorsaregiven as a percentof reading.Successfulreverificationrequiresloadand
pressure transducers accurate to within 1 percent of reading, deformation
transducersaccurateto within2 percentof reading,temperatureaccurateto within
:t:l°C.
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Table C-13. Rectification Data for Test SCTA
J i l [ I " i Jill 1 l [& lllll - ]I] ii i l l i

Transducer Reveri-

Test Test flcatlon Status st
snd Transducer Test ComHdonorCondition

Stage Nearest Calibration
point_._

|m i i imllll L I ii , ,i ii , ,

SCTA S_ge 1 Axial Load Cell 42.5 kN Reverified

Conf'mingPressure 5.17 MPa Reverified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0- I00,000 mm3 Reverified

Temperature 25°C Reverified
,| i i i i i i i i fill i i i ii i i i .......

SC7A Stage 2 Axial Load Cell 17.4 kN Reverified

Confining Pressure 2.81 MPa Reverified

Pore Pressure 1.41 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer 0- 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsaregiven as a percentof reading.Successful reverificationrequiresloadand
pressure transducers accurate to within 1 percent of reading, deformation
transducersaccurateto within2 percentof reading,temperatureaccurateto within
±I°C.
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TableC-14.Rever_cation Data for TestSC8A
, LIml . I --- llll J,,, , ,, I,,, I II f L I I ,,

Transducer Reveri-

Test Test flcatlon Status at
and Transducer Condition Test Condition or

Stage Nearest Calibration
Point_.)

, ._ , , | i =, ,f ,,,, _ , , , , - ,,,, .........

SC8A Stage I Axial Load Cell 52.0 kN 3.17 percentlow

ConfiningPressure 5,17 MPa Reverified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

SCgA Stage 2 Axial Load Cell 18.9 kN 6.73 percentlow

ConfiningPressure 3.05 MPa Reverified

Pore Pressure 1.52 MPa Reverified

LVDT 0 - 25.4 mm Reverified

Dilatometer 0 - 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsaregiven asa percentof reading.Successfulreverificafionrequiresloadand
pressure transducers accurate to within I percent of reading, deformation
transducersaccurateto within2 percentof reading,temperatureaccurate to within
±l°C.
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Table C-15. ReverificationData for Test SC9B
111 I 11 11111111 i 11 .... i ....................

Transducer Reveri.

Test Test flcstton Status st
and Transducer Condition Test Condition or

Stage Nesrest Calibration
Point(._

ill I li ill ill ii i i i i IL I I I [ I I ii I III I IF

SCgB Stage 1 Axial Load Cell 59.6 kN 4.25 percent low

Confining Pressure 5.17 MPa Reverified

Pore Pressure NIA NIA

LVDT 0- 25.4 mm Reverified •

Dilatometer 0 - 100,000 mm_ Reverified

Temperature 25°C Reverified
II I I I I I Illl II I - ii . I 111 I I I -

SC9B Stage 2 Axial Loa¢_Cell 20.4 kN 6.85 percent low

Confining Pressure 3.28 MPa Reverified

Pore Pressure 1.64 MPa Reverified

LVDT 0 - 25.4 mm Reverified

Dilatometer 0- 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) Errorsaregiven asa percentof reading.Successfulreverificationrequiresload and
pressure transducers accurate to within 1 percent of reading, deformation
u'an,ulucersaccurateto within 2 percentof reading,temperatureaccurate to within
±I°C.
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APPEHDIX D. FRA_ONAL DENSe-VERSUS-TIME FOR ALL
HYDROSTATIC AND SH_R _NSOLIDATION __8
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Figure D-1. Fractionaldensity-versus-timefor Test HC1A..................... D-5
Figure D-2. Fractional density-versus-timefor Test HC2A..................... D-6
Figure D-3. Fractional density-versus.timefor Test HC3A..................... D-7

Figure D-4. Fractionaldensity-versus-timefor Test HC4A..................... D-8
Figure D-5. Fractional density-versus-timefor Test HC5A..................... D-9
Figure D-6. Fractionaldensity-versus-timefor Test HC6A.................... D-10

Figure D-7. Fraction_ density-versus-timefor Test SC1B..................... D-ll
Figure D-8. Fractional density-versus-timefor Test SC2A..................... D-12

Figure D-9. Fractionaldensity-versus-timefor Test SC3A..................... D-13

Figure D-10. Fractiot_aldensity-versus-timefor Test SC4A..................... D-14

Figure D-11. Fractionaldensity-versus-timefor Test SC5A..................... D-15

Figure D-12,. Fractionaldensity-versus-timefor Test SC6A..................... D-16
Figure D-13. Fractionaldensity-versus-timefor Test SC7A..................... D-17
Figure D-14. Fractionaldensity-versus-timefor Test SC8A..................... D- 18

Figure D-15. Fractional density-versus-timefor Test SCgB..................... D-19
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Figure D-6. Fractionaldensity-versus-timefor Test HC6A.

D-10



0.70
0 25 50 75 100 125 1!_0

T_IE:(Days)

RSI-1|741_.141
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APPENDIX E. ACTUAL AND FI1TED VOLUMETRIC STRAIN DATA

FOR STAGE 1 OF HYDROSTATIC CONSOLIDATION TESTS
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Figures

Figure E-I. Volumetric strain-versus-logarithm of time for Test HC1A. Solid lines are
actual data and dotted lines show fits to data..................... E-5

Figure E-2. Volumetric strain-versus-logarithm of time for Test HC2A. Solid lines are
actual data and dotted lines show fits to data..................... E-6

Figure E-3. Volumetric strain-versus-logarithm of time for Test HC3A. Solid lines are
actual data and dotted lines show fits to data...................... E-7

Figure E-4. Volumetric strain-versus-logarithm of time for Test HC4A. Solid lines are
actual data and dotted lines show fits to data..................... E-8

Figure E-5. Volumetric strain-versus-logarithm of time for Test HC5A. Solid lines are
actual data and dotted lines show fits to data..................... E-9

Figure E-6. Volumetric strain-versus-logarithm of time for Test HC6A. Solid lines are
actual data and dotted lines show fits to data.................... E-10

Figure E-7. Volumetric strain-versus-time for Test HCIA. Solid lines are actual data and
dotted lines show fits to data............................... E-I 1

Figure E-8. Volumetric strain-versus-time for Test HC2A. Solid lines are actual data and
dotted lines show fits to data............................... E-12

Figure E-9. Volumetric strain-versus-time for Test HC3A. Solid lines are actual data and
dotted lines show fits to data............................... E-13

Figure E-10. Volumetric strain-versus-time for Test HC4A. Solid lines are actual data and
dotted lines show fits to data. .............................. E-14

Figure E-11. Volumetric strain-versus-time for Test HCSA. Solid lines are actual data and
dotted lines show fits to data............................... E-15

Figure E-12. Volumetric strain-versus-time for Test HC6A. Solid lines are actual data and
dotted lines show fits to data............................... E-16
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Figure E-1. Volumetricstnlin-versus-logarithmof timeforTestHCIA.Solidlinesareactual
dataanddottedlines showfits to data.
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Figure E-2. Volumetric strain-venus-logarithm of time for Test HC2A. Solid lines are actual
data and dotted lines show fits to data.
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FigureE-3. Volumetricstrain-versus-logarithmof timeforTestHC3A.Solidlines areactual
dataanddottedlinesshowfits to data.
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FigureE-4. Volumetricstraln-versus-losarithmof timeforTestHC4A.Solidlinesareactual
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Figure E-$. Volumetric strain-versus.logarithmof timefor Test HCSA. Solid lines areactual
dataand dottedlines show fits to data.
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Figure E-8. Volumetric strain-versus-timefor Test HC2A. Solid lines are actual data and
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FigureE-9. Volumetric strain-versus-timefor Test HC3A. Solid lines are actual data and
dotted lines show fits to data.
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Figure E-10. Volumetricswain-versus-timefor Test HC4A.Solid lines areactualdataanddotted
lines show fits to data.
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FigureE-11. Volumetricstrain-versus-timeforTest HCSA.Solid lines areactualdataanddotted
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APPENDIX F. BRINE FLOW DATA OBTAINED DURING
PERMEABILITY M_SUREMENTS
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Plgunm

Figure F-1. Change in brine volume in downstream reservoir as a function of time

during permeability stage for Test HC 1A......................... F-5

Figure 1:-2. Change in brine volume in downstream reservoir as a function of time

during permeability stage for Test HC2A ......................... F-6

Figure F.3. Change in brine volume in downstream re_rvoir as a function of time

during permeability stage for Test HC3A ......................... F-7

Figure F-4. Change in brine volume in downstream reservoir as a function of time

during permeability stage for Test HC4A ......................... 1:-8

Figure F-5. Change in brine volume in downstream reservoir as a function of time

during permeability stage for Test HC5A ......................... 1:-9

Figure F-6. Change in brine volume in downstream reservoir as a function of time
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