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ABSTRACT

Crushed natural rock salt is a primary candidate for use as backfill and barrier n:aterial at the
Waste Isolation Pilot Plant (WIPP) and therefore Sandia National Laboratories (SNL) has been
pursuing a laboratory program designed to qiJantify 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 coasolidation 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 10-18 m2 and 3 x 10-22 m2.

OISTFM80TION OFTl-lilI DOCLiMd~r It;Wt
• This report was prepared by REISPEC Inc. for Sandia National Laboratories under Contract No. 69-1725. fR
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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 WlPP 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 Fonnation 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, Le., 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 defonnations 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 penneability 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
?J1d 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 aI., 1985; Sjaardema and Krieg, 1987; Zeuch, 1990). In addition, it is important to develop
relationships between density and penneability. This report presents results of consolidation and
penneability experiments performed on specimens of crushed WIPP salt. The IS-test
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experimental matrix was designed by Dr. D. H. Zeuch (Geomechanics Department 6117, SNL),

and complements data collected by SNL.

1.2 Scope

Three types of experiments were performed. The first type consisted of three permeability
tests performed on crushed-salt specimens that had been prepared and consolidated by Sandia
National Laboratories. One of these three tests was terminated prematurely when the Viton
jacket that protected the specimen from silicone oil (used to apply the hydrostatic stress)
ruptured. The rupture probably occurred prior to testing, but was not detected until the specimen
was pressurized. No permeability measurements were attempted on this specimen. The second
type of experiment consisted of hydrostatic consolidation and permeability tests conducted on
brine-saturated crushed WIPP salt specimens prepared at RFJSPEC Inc. Consolidation pressures
ranged from L72 to 6.90 MPa and consolidation proceeded until Sandia-specified values of
fractional density were reached. Hydrostatic stress was 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 permeability tests conducted on crushed WIPP salt specimens prepared at
REiSPEC Inc. containing 3 percent brine by weight. The specimens were consolidated for 60
days at confining pressures ranging from 3.45 to 6.90 MPa and at axial stress differences between
0.69 and 4.14 MPa. After consolidation, a hydrostatic stress equal to half of the former mean
stress was applied and a permeability test was performed. All permeabilities were measured
using apparatus and procedures similar to those used by Stroup and Senseny (1987) and Pfeifle
(1989). The second and third experiments will be referred to in this report as consolida­
tion/permeability tests because both the consolidation and penneability stages were conducted by
RFJSPEC Inc.

1.3 Report Organization

Including this introduction, this report contains seven chapters and nine appendices. Chapter
2.0 describes the specimens used in this study. Chapter 3.0 describes the testing apparatus and

is followed by Chapter 4.0, which describes test procedures. Chapter 5.0 gives the test results
and a discussion of results. The report is concluded by a summary chapter, Chapter 6.0, and a
list of cited references given in Chapter 7.0. Appendix A contains a report authored by Twin
City Testing and summarizes their chemical analyses of crushed WIPP salt. A memorandum

written by Dr. C. L. Stein and addressed to Dr. Darrell E. Munson that discusses the mineralogy

2



of WIPP salt is given in Appendix B. Appendix C contains a summary of the transducer calibra­

tion and verification data. Appendix D contains plots of fractional density as a function of time

for all consolidation and permeability tests. Appendix E contains model fitting results for

hydrostaiic consolidation tests and Appendix F contains brine flow data for penneability tests.

Appendices 0 through I provide data showing the stability of environmental conditions during

consolidationlpenneability tests. Appendix 0 contains plots of axial stress-versus-time for all

shear consolidation tests. Plots of confining pressure-versus-time are given for aU tests in

Appendix H. and temperatUre-versus-time data for all tests are given in· Appendix I.
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2.0 SPECIMENS

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

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

specimens prepared by RE/SPEC and used for consolidationlpenne~bi1ity tests.

2.1 Sandia-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 RFJSPEC 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 thennocouple alongside one specimen and resealing the container. There was no evidence of

exposure to cold or moisture for either shipment The specimens were logged into RElSPEC'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 RFJSPEC 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

5
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Figure 2-2. Specimen assembly used for Sandia-furnished Specimen 19JUN90 and for all
hydrostatic and shear consolidation/permeability tests.
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fully assembled specimen and correcting these measurements for non-specimen components.
Measurements were made after each specimen was placed under a vacuum of approximately 630
mm of mercury for 2 hours. This method was used so that air trapped between the jacketing
materials and the specimen and at other component interfaces within the assembly could be
removed. The dimensions of the specimens are summarized in Table 2-1. The volume of
Specimen 20SBP89 and fractional densities of Specimens 20SEP89 and 19JUN90 were measured
by Sandia after the consolidation stage was completed. Their da~ given in Table 2-2, shows
very good agreement with the volume calculated from the length and diameter data given in

Table 2-1. This implies that the indirect specimen measurements given in Table 2-1 are
reasonably accurate and that very little or no relaxation occurred during the time interval between
completion of the consolidation stage at Sandia and initiation of the permeability stage at

RFJSPEC Inc.

Table 2-1. Summary of Specimen Dimensions

Pre-Test(a)
Specimen DimensionsSpecimen

I.D. Length
(mm)

Diameter
(mm)

Post-Testca)

Specimen Dimensions

Length Diameter
(mm) (mm)

124.01 90.72

118.55 87.82

20SBP89

19JUN90

20JUN90

125.06

119.57

129.94

91.32

89.14

90.47 (b) (b)

(a) Data were corrected for non-specimen component dimensions ofL=189.91 mm
and D=6.73 mm.

(b) No data due 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 diameter included the specimen and the two jacketing materials. The dimensions of these
materials were obtained from the Sandia Rock Mechanics Laboratory and were subtracted from
the direct measurements. Direct length and diameter measurements were perfonned in six
locations on each specimen. The dimensions shown in Table 2-1 represent the averages of
multiple measurements made at the selected locations. Specimen identification numbers were

provided by Sandia and are also shown in the table.

8



Table 2-2. Volume Measurements for Specimen 20SEP89

Volume
Specimen Fractional

m Caiculated(A) Measured Den.ity
(m3

) (m3
)

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 right circular cylinder.

2.1.3 Post-Test Disposition

After the testing was completed, the Sandia-furnished specimens were returned to Division

6117, Sandia National Laboratories. The specimens were shipped to Sandia on October 22, 1991.

2.2 ConsolidatlonIPermeablllty Specimens

2.2.1 Acquisition

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

National Laboratories and was produced by a continuous miner during development of the WIPP

test facility. The mine-run salt contains particles that range in size up to several centimeters.

Specimens were manufactured from these raw materials at RFJSPEC Inc.

2.2.2 Particle Size Distribution

Because the test specimens have a nominal diameter of 102 mm, the mine-ron 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 produced two sample fractions: a smaller particle size

9



ftaction containing all particles that passed though the 9.S-mm sieve and a larger particle size

fraction. The particle size distribution of the smaller fraction was determined first Using a

sample splitter, a 3-kg sample was obtained and dried and then split into three I-kg samples (the

drying procedure and results are given in Section 2.2.3). Bach I-kg sample was sieved through

a stack of stainless steel sieves mounted in a mechanical sieve shaker. The sieve sizes were 0.6

rom, 1.0 mrrJ, 1.4 mm, 2.0 mm, 2.36 mm, 2.8 mm, 3.35 mm, 4.0 mm, 6.3 mm, 8.0 mm, and 9.S
mm. The particle size distribution, determined by measuring the mass of material remaining on

each sieve, is shown in Figure 2-3 and labeled "Original Small Fraction."

The larger particle size fraction was crushed until all particles passed through the 9.5 mm

sieve. A proportional amount of this crushed material was then mixed with the original small

fraction. (The amount of coarse material was proportionately reduced to comPensate for the 3-kg

that had been removed from the finer sample.) The reason for this remixing was to preserve the

in situ composition and impurity content of the salt This mixed sarapIe was split to obtain a 5­

kg sample which was further split 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 sample was then divided into three equal parts and sieved to

obtain the particle size distributions shown in Figure 2-3 and labeled "Final Mixed Sample."

The data show good reproducibility and there appears to be no significant difference between the

particle size distributions measured 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 their data is also shown in Figure 2-3. The current data fall within the~

window expected based on the work of Holcomb and Shields.

2.2.3 Moisture Content

Moisture contents of the smaller particle size fraction and of the mixed particle size fraction

were determined using the same method. A 3-kg sample of each material was placed in a drying

oven and dried at a temperature of 110°C until it reached a constant mass for a minimum of 2

days. The mass was determined using a Sartorius balance having a resolution of 0.01 g. The

moisture contents based on dry weight were 0.1813 percent and 0.1523 Percent for the smaller

and mixed particle size fractions, respectively.
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Figure 2-3. Particle size distribution measured for crushed WIPP salt
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2.2.4 M.uteeture of Brine

Brine wu manufactured from the (mal mixed sample. A sample of salt sufficient to

manufacture 20 gallons of saturated brine was obtained using the sample splitter. This material
was ground to a fine powder using a flour mill and was then mixed with distilled water until it
precipitated out of solution. The density and moisture content of the brine were then measured.
A l00-ml graduated cylinder was ftlled with brine and allowed to rest for several hours while
all air bubbles were 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:t: .001 kg · m-' was determined. Approximately SOO 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 funy saturated solution of salt and water at 20°C contains 26.43 percent
solids by weight and has a density of 1,199 kg · m·'. These two measurements are both
consistent with using a value of 1,200 kg · m-' for the density of brine.

2.2.5 Impurity Content

RFJSPEC Inc. does not have the facilities for performing quantitative chemical analyses, and
so this work was subcontracted to 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 salL They also detennined the
weight percent of insolubles and the weight percent of insoluble materials that are also insoluble
in ethylene diaminetetraeetric acid (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 insolubles and once under EDTA msolubles.
The results are somewhat disappointing in that the components do not sum to 100 percent.

The average of the three trials was used in processing the data, and the data were scaled so
that the weight percents summed to 100 percent (see Table 2-3). For the water soluble species,

•••• J ...

the weight Percent was then divided by the atomic or molecular weight to obtain the number of
moles of each species present in a representative gram of material.

The mineralogy expected in crushed WIPP salt was taken from a Sandia National
Laboratories memorandum which is reproduced in Appendix B. The solubles were assumed to

contain halite and some polyhalite. Anhydrite, gypsum, and magnesite are insoluble in water but

12



Table 2-3. Chemical Analyses of Crushed WIPP Salt

TrWt TrWZ TrW 3 Aven.. SaW Molecular
W·laht Welaht Weight W·llht W·laht Wetalet Moa.<-)

(.,) (~) (~) (~) (.,) (allIIOIe)

SOlubles

Calcium 0.15 0.26 0.24 0.2167 0.23 40.08 5.74E-05

O1Ioride 58.0 58.0 56.0 57.3333 60.871 35.45 0.017171

M8IDesium 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.S58 22.99 0.015902

Sttontium 0.005 0.006 0.007 0.006 6.37E-03 87.62 1.27E-07

Sulfate 0.62 0.96 0.98 0.8533 0.906 96.06 9.43E-05

Insolubles 0.91 0.83 1.52 1.0867 1.1537
(Total)

EDTA 0.32 0.51 1.01 0.6133 0.6512
Insolubles

Total 94.898 94.504 93.163 94.1883 100

(a) In a representative gram of material.

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 attributed to anhydrite

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

(primarily montmorillonite) 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 detennined, 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 anhydrite and magnesite.

13



Table 2-4. Analyses of Chemical Data

MoIes(a) Molecular MJ) W.....tc') Spedt'Ic VoIu_(a)
Weltht

<&>
Perce•• Gravity (.'>

(al1IIoIe) (") <a •em"')

Solubles

Halite 0.015902 58.44 0.929294 97.3035 2165. 0.429235

Polyhalite 2.36E-05 602.89 0.014215 1.4884 2780. 0.005113

Subtotal 0.943509 98.792 0.434349

Remaining Solubles

Chloride 0.001269

Potassium 3.27E-06

Calcium 1.02E-05

Magnesium 8.45E-06

BOTA Insolubles

aay (montmorillonite) 0.003256 0.3409 2.5 0.001302

Quartz 0.003256 0.3409 2.65 0.001229

Insolubles Minus EOTA Insolubles

Anhydrite 0.002513 0.2631 2.61 0.000963

Magnesite 0.002513 . 0.2631 3.1 0.000811

Total 0.955047 100 0.438653

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

Once the mass of each mineral was determined, the weight percent of each mineral was
calculated. The crushed salt is 98.8 percent soluble. It contains 97.3 percent halite and 1.5
percent polyhalite by weight The insolubles are 1.2 percent of the crushed salt by weight. The
EDTA insolubles (clay and quartz) are 0.68 percent of the sample by weight and the remaining
insolubles (anhydrite and rpagnesite) are 0.53 percent by weight. The density of the crushed salt
mixture was calculated from the mass and volume of each mineral component using specific
gravity to convert masses to volumes. The density of the water soluble solids was 2.17 g •cm-'
and the density of all solids was 2.18 g •cm-'.

The final weight percent values for each mineral and the density values for the crushed salt
mixture must be viewed with extreme caution because the input data needed to be scaled by 5
percent in order for the components to sum to 100 percent, because quantities of soluble species
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remained after the calculations were completed, and because assumptions concerning mineralogy
went into the data processing.

2.2.6 Specimen Manufacture end Density Determination

Specimens were manufactured following the procedure outlined by Holcomb and Shields
(1987). An excess quantity of crushed salt was poured onto a clean flat surface to form a conical
pile. The pile was divided into eight equal wedges and the mass of each wedge was detennined
using a Sartorius balance with a resolution of 0.01 g. Saturated brine was sprayed onto each
wedge until the added brine comprised 3 percent of the sample mass. A small amoun! of dtmp
salt was removed from each wedge for moisture content measurements 1I1d the remaining salt
was poured into a cylindrical tube-shilped jackel This process was repeated for each wedge until
the appropriate specimen volume was reached. The mass of material used for moisture content
measurements and the amounts remaining after pouFing each wedge were recorded. These values
were subtracted from the total mass of the damp wedges to obtain specimen mass.

The completed specimen assembly is shown in Figure 2-2. The same specimen configuration
was used for these tests as for Specimen 19JUN90. It contains a two-component jacket and
vented steel endcaps. All vents were 3.175 mm (0.125 in) in diameter. The jacket is fabricated
using a 1.6-mm-thick lead inner jacket and a Viton outer jacket to seal the specimen from the
silicone oil used as the confming pressure medium. The lead jacket protects the outer jacket
from rupturing by preventing the Viton from intruding into the pores of the specimen during
pressurization. TaPered aluminum faceplates were used to provide a smooth transition between
the rigid steel endcaps and the highly deformable crushed sall These faceplates prevented the
jacket from conforming to sharp changes in dimension (i.e., diameter) at the endcap/specimen
interface, and thus, reduced the chance for jacket ropture during specimen deformation. Shaped
porous felt metal disks conformed to the faceplates and were used to provide a penneable
pathway for the transport of brine and also to prevent salt from plugging the 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 portions of the porous felt metal.

Density determinations were made after initial specimen manufacture, after preconsolidation,
and after each test stage. Specimen mass was determined during specimen preparation. Volumes
were determined after specimen assembly using two techniques: (1) fluid (water) displacement.
and (2) indirect contact dimensional measurements. Both types of measurements were made after
the specimen had been subjected to a vacuum of approximately 630 rom of mercury for 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 detennined from the length and diameter of the specimen assuming a right-eircular
cylindrical geometry. The diameter of the specimen was detennined by ftrst measuring the
diameter of the jacketed specimen at six locations using a micrometer and then reducing thc~se

measurements by twice the lead and Viton jacket thicknesses. Similarly, the length of the
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 penneability 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 ± 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

MeuureDlebt
speclmea VoIUIDe (m')(·)

Tat Technique IIIItl8I After After After
M....remebt Conclldonl.. Stale 1 Staae2

HCI Immersion .00149143 .00141529 .00113533 .oo1121M

Indirect Contact .00145903 .00139893 .00110S82 .00108831

Difference (9&) 2.17 1.16 2.60 3.46

HC2 Immersion .00152182 .00131318 .00104211 .00104315

Indirect Contact .00151451 .00139039 .00107498 .00103960

Difference (%) 0.48 0.48 3.09 .034

HC3 Immersion .00148941 .00135480 .00105617 .00106919

Indirect Contact .00146306 .00135371 .00105339 .00103963

Difference (%) 1.77 0.08 0.26 2.82

HC4 Immersion .OOI48~3 .00131213 .00100729 .00104323

Indirect Conta:t .00147027 .00131996 .00103628 .00102406

Difference (%) 0.83 0.54 2.88 1.84

HC5 Immersion .00145204 .00128273 .00102299 .00107873

Indirect Contact .00142079 .00128549 .00103415 .00101581

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

(a) Values printed in bold were used in calculations.
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Table 2-6. Summary of Specimen Volume Measurements for Shear Consolidation Tests

M...n ...t
spec". Volume (.~(a)

Teat Tedlluque IlIItW A"'r Alkr After
M....n ...t Conditio... S.... 1 S.... 2

SCI Immersion .0014853 .001305 .0010714 .0010433

Indirect Contact .0014477 .0013238 .0010603 .0010399

Difference (%) 2.51 1.46 1.58 0.33

SC2 Immersion .0013919 .0013005 0.0010191 .0009731

Indirect Contact .0014131 .0013080 0.001038 .0011113

Difference (%) 1.53 0.57 1.84 14.13

SC3 Immersion .0015018 .0013604 .0010914 .0010522

Indirect Contact .0015013 .0013546 .0010648 .0010523

Difference (%) 0.43 0.43 2.97 0.01

SC4 Immersion .0014165 .0013245 .0010505 .0011260

Indirect CootaCt .0014702 .0013146 .0010296 .0010353

Difference (%) 0.42 .075 1.98 8.05

SC5 Immersion .0015148 .0013244 .0010181 .0010631

Indirect Contact .0014903 .0013164 .0010662 .0010620

Difference (%) 1.61 0.60 1.11 0.01

SC6 Immersion .0015159 .0012630 .0010111 .0009914

Indirect Contact .0014901 .0012634 .0010343 .0010277

Difference (%) 1.70 0.03 2.30 3.03

SC7 Immersion .0015315 .0013410 .0010646 .0010615

Indirect Contact .0015218 .0013448 .0010789 .0010583

Difference (%) 0.38 .028 1.34 0.30

SC8 Immersion .0014826 .0012102 .0009991 .0010145

Indirect Contact .0014623 .0012664 .0010162 .0010072

Difference (%) 1.37 0.29 1.64 0.72

SC9 Immersion .0015309 .0012911 .0010434 .OOIm1

Indirect Contact .00151G9 .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 typical consolidation load frame with 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

specimens without modification. The frames use single-ended, triaxial pressure vessels. A linear

actuator (hydraulic cylinder) bolted to the base of the load frame drives the loading piston, which

in tum applies axial compressive force to the specimen. Confming pressure is applied to the

jacketed specimens by pressurizing the sealed vessel chamber with silicone oil. A dilatometer

system maintains constant confining pressure and provides the volumetric measurement.

The testing machines can apply compressive axial loads up to 1.S MN and confming

pressures up to 70 MPa. The heating system, including seals on the pressure vessel, can maintain

specimen temperatures up to 200°C.

A control panel houses the accumulators, hydraulic pumps, pressure intensifiers, transducer

signal conditioners, temperature controllers, and confining pressure controllers for two adjacent

test frames. The panels contain digital meters that display the output of the transducers. The

temperature controller gives a digital output of the temperature. Mechanical pressure gages

mounted in the panel give readings of oil pressure in the hydraulic cylinder.

3..1.2 Instrumentation

Axial force is measured by a load cell in the load train outside the pressure vessel, while

confining pressure is measured by a pressure transducer in the line between the intensifier and

the pressure vessel. Temperature is measured by a thermocouple in the wall of the pressure

vessel. The relationship between specimen temperature and that recorded by this thermocouple

has been determined by calibration runs at several temperatures spanning the operating range.

Two Linear Variable 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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Figure 3-1. Consolidation machine load frame.
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Volumetric defonnation is measured using a dilatometer. With this technique, volumeuic
deformation is detennined at fixed pressure by fust measuring the volume of oil that the
dilatometer supplies to the pressure vessel, and then compensating for the axial defonnation
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-11123
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 leN. 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 fust, 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-mm-inner-diameter (0.12S-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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attached to the upper endcap of the specimen assembly. Evaporation of water is controlled by

placing a thin film of mineral oil on top of the brine column in the buret

To ensure that this method of preventing evaporation was effective, a brine-filled buret

capped with a thin film of mineral oil was placed in the laboratory approximately in the center

of the testing machines used for this work. The brine level was monitored for 320 days and the

data are shown in Figure 3-3. Over the first 15 days of testing, the brine level dropped due to

the release of air bubbles entrapped against the walls of the buret. (This drop appears as a step

function due to the resolution of the calibration marks of the buret) There was no further

decrease in buret level over the duration of the test, signifying that this method of preventing

evaporation was effective.

The temperature of the brine entering the pressure vessel was assumed to be the ambient

temperature of the laboratory (20 :t 1°C). To verify this assumption, a thermocouple was

installed inside one of the brine accumulators and monitored regularly. The temperature as

measured in the brine between Feb. 5, 1992 and Dec. 1, 1992 is given in Figure 3-4. The brine

temperature, calculated as the average of the readings obtained, is 20.00 ± 1.06°C. Occasional

peaks in the data are due to malfunctions of the heat pump that controls laboratory temperature.

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

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

test system.

3.1.5 Calibration

3.1.5.1 TRANSDUCER CALIBRATIONS AND VERIFICATIONS

The transducers used to collect force, pressure, defonnation, and temperature data were

calibrated using standards traceable to the National Institute of Standards and Technology and

documented procedures. Each transducer is calibrated in its normal operati~g positiol', on the test

system so that the signal conditioners, filters, and analog-to-digital converters are included within

the end-to-end calibration. Calibration constants are detennined for each transducer from a

linear, least-squares regression of indicated reading versus standard input Readings are collected

at 20 standard inputs equally spaced over the range of the transducer. These constants are

verified immediately before a test begins by comparing the predicted response of the transducer
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Figure 3-2. Schematic of brine permeability test apparatus used for Sandia-furnished specimens.
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Figure 3-3. Change in brine volume as a function of time during brine evaporation test
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Figure 3-4. Temperature in brine as measured during permeability testing by thermocouple
located inside upstream brine reservoir.
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Figure 3-5. Schematic of brine permeability test apparatus used for hydrostatic and shear
consolidation tests.

26



uain. these constants with the standard input applied in ten equally spaced steps over the
calibrated range. This verificadon procedure is also perfonned at the end of each teat so that
drift or malfunctions of the transducers can be identified. Table 3·1 aives the ran.e and
resolution for these transducers. Prior to testing, the accuracy of force and pressure transducers
was 1 percent of reading, that of deformation transducers was 2 percent of readinl, and that of
thennocouples was:tl°C. The accuracy specifications include both nonlinearity and repeatability.
The burets used were Class A and are accurate to within 0.1 ml. A summary of the transducer
reverification data obtained after completion of each test is given in Appendix C.

Table 3-1. Calibration Specifications

Measurement

CONSOLIDATION

Axial Force (kN)(I)

Confining Pressure (MPa)(')

Lateral Strain (%)(0)

Axial Strain (%)(0)

Temperature (OC)(d)

PERMEABILITY

Pressure (kPa)(e)

Pressure (MPa)<a>

Range

oto 250

o to 34.5

Oto8

oto 12.5

oto 250

o to 345

oto 6.895

Resolution

0.03<'-)

0.004<'-)

0.001<'-)

0.002<'-)

0.03<'-)

0.7rJf)

0.OOO8(b)

(a) Accuracy: 1 percent of reading including nonlinearity and repeatability.
(b) 14-bit analog-to-digital converter.
(c) Accuracy: 2 percent of reading including nonlinearity and repeatability.
~d) Accuracy::t loe.
(e) System used for Sandia-furnished specimens.
(t) 4-112-digit panel meter. Accuracy during reverification was to within 1.5 percent

of reading, including nonlinearity and repeatability.
(g) System used for consolidation/permeability specimens.
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3.1.5.2 ADIABATIC TEMPERATURE CHANGE CALIBRATION TEST

All test specimens we", subjected to pressurization and therefore to adiabatic headn. of the
confinina ftuid. Pollowina the procedure of Holcomb ar.d Shields (1987). a test was run on an
aluminum specimen to determine the apparent volumetric strain that accumulates due to cooUna
of the confillinl auid after pressurization. The test wu initiated by placin. an aluminum
specimen in the pressure vessel. nUinl the vessel with aU. and allowln. its temperature to

stabilize for at least 2 hours. The pressure was then raised to a value that would later be used
in crushed-salt consolidation tests. Apparent chanael in volume of the aluminum specimen were
measured by the dUatometer as the conrming oil cooled. Pressure was held at the test value for
at least 7 hours to determine the total apparent volume chanle associated with cooling and the
lenam of dme required for the system temperature to stabilize. This process was repeated for
all conftnin. pressures that would be used during tesdnl.

The total apparent changes in volume that or..curred at each test pressure due to cooun. are
shown in Figure 3-6. For pressures of 3.4S 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 mVMPa and this c01TeCtion was applied to the data. This
value compares reasonably wen with the value of 0.4 mVMPa reported by Holcomb and Shields.
considerinl that these are not identical machines. One test at 1.72 MPa required dUatometric
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 IS hours althoulh the
dUatometer rate continued to decrease throughout this time period. These low pressure data were
therefore not included in the fil 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 chan.es in volume are on the order of 2.S x Io-'m'. The specimen volumes after
preconsolidation are approximately .001300 m', 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 measured during cooling of an aluminum specimen after
adiabatic compression of confining oil.
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4.0 TEST PROCEDURES

4.1 ,,.condltlonlng

The initial application of hydrostatic compressive StreSS produces larae changes in density.
These density chanles cannot be accurately measured in the testinl machine and so a precondi­
tioning step is used beCOte compressive load is applied. The preconditioning consists of placing
the assembled specimen in the load frame, hydrostatically loading to the desired preconditioning
pressure as quickly as possible, holding the specimen at pressure Cor one minute, and then
unloading. The hydrostatic pressure is applied by ptasurizing the confinmg oil using an air­
driven pump. For hydrostatic consolidation tests, the preconditioning pressure was equal in
magnitude to the pressure used in the first test stage; for shear consolidation tests, the mean stress
of the fmt 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-furnished specimens because they were already consolidated. It was also not required
before penneability stages because the specimens had already been compacted at higher
compressive loads. Preconditioning was only canied out before the first stages of hydrostatic
and shear consolidation tests.

4.2 Hydrostatic Con80lldatlon .nd Te8tlng

All Sandia-furnished specimens and six hydrostatic consolidation specimens were subjected
to hydrostatic consolidation stages. Each of the Sandia-fumished specimens used for penneability
measurements was fll'St subjected to a stage of hydrostatic pressurization at 6.9 MPa and 2SoC
as shown in Table 4-1.

Six hydrostatic consolidation tests on specimens assembled at RFJSPEC Inc. were performed
at 2SoC 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 "He" signifies hydrostatic consolidation.
The first HCI test to be pressurized was given the designation"A" and the test label became
HC1A. If a test was repeated, the designation "B" would be added. Prior to testing, each
specimen was preconditioned, its new density was detennined, 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. Quantities of brine were added until no further absorption occurred over
a 12-hour period.
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Table 4-1. Summary of Test Conditions for Sandia-Fumished Specimens

Specimen
m

19JUN90

20S£P89

Hydr08tadc Fluid
Stage Strell Pres8un

(MPII) (MPa)

1 6.90 0

2 3.4~5 0.345

1 6.90 0

2 3.4:5 0.345

Table 4-2. Summary of Hydrostatic Brine-Saturated Test Conditions

Test
Hydrostadc Fluid Termination

No.
Stage(') Stress Pressure

Criteria(MPa) (MPa)

HCIA 1 1.72 0 Fractional density > 0.90

2 0.86 0.05 60 days

HC2A I 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

HC4A 1 3.45 0 Fractional density > 0.95

2 1.72 0.86 60 days

HC5A I 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 = Consolidation Stage
Stage 2 = Penneability 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 filled 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 pressurization 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-filled

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

arainage 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 1 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 REJSPEC 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

SC1 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

Confining AxIal
AxIal Fluid

Test Stress
No.

Stage(a) pressure Stress Difference Pressure
(MPa) (MPa)

(MPa)
(MPa)

'SCIS 1 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

SC7A 1 5.17 6.55 1.38 0

2 2.81 2.81 0 1.41

SC8A 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 =Penneability Stage
Stage 3 =Penneability 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.. 11123 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

Mter the consolidation stage was completed, the pressure was decreased and a Permeability
test was performed on each specimen. RFJSPEC Inc...furnished specimens were removed from
the pressure vessel between the consolidation and permeability stages so that dimensions and
volumes could be measured. Penneability was determined by measuring the steady-state flow
rate of 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 half of
the Stage 1 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 HCIA and
SC2A. For Test HCIA, 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 (buret) 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 REiSPEC Inc.-furnished specimens, densities were remeasured using both the fluid
displacement technique and indirect contact dimension measurements. For most RElSPEC 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 obstructions and that brine freely flowed through· these
elements of the penneability system. Several tests were completed before this fluid-flow test was
standardized.

4.5 Deta Acqul81tlon and Rlduetlon

4.5.1 Data Acquisition

A DEC LSI-11/23 microprocessor was used to acquire data from all test systems. The
computer scanned the data channels at IS-second intervals and logged data based on either time
or axial displacement. Hydrostatic test data was logged every hour. Shear consolidation data was
logged either every hour or for each 0.02 rom of axial displacement, whichever occurred fust.
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. Permeability data were logged manually at approximately 24-hour
intervals. Permeability data included time, pressure drop across the specimen, and the brine level
in the burel

The volumetric deformations were corrected for the fluid displaced by the advancing piston
using measurements of axial displacement and 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 volumetric deformations were used to calculate axial and
lateral strains. The axial stress was calculated from the axial force and the current specimen
dimensions.

The data acquisition computer was also used for control of the axial force during shear
consolidation tests. Based on current specimen geometry, the computer updated the axial force
during the test so that the applied stress difference remained constant throughout the test. The
computer also recorded the total axial and lateral deformation incurred during the application of
the stress difference.
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4.1.2 Reduction of Consolidation Data

The data acquired during consolidation were used to determine fractional density, D, as a
function of time, where D=p/p.... The intact density of the sal!, P....' was assumed to be 2,140
kg· mo

). The density during testing is calculated from

(4-1)

where Po is the density of the salt matrix at the beginning of the consolidation stage and tv is the
engineering volumetric strain measured during the teSl The sign convention used here is that
compression is positive, and so compressive volumetric strains lead to an increase in density.

Despite the use of a preconditioning cycle, some volumetric compaction occurs during
loading to hydrostatic stress. This deformation is not directly measurable during testing and must
be calculated based on the specimen volume measurements made after completion of the stage.
The total volume change occurring during the stage was initially calculated based on the pre­
stage specimen volume and the volumetric strain data obtained during testing. This total volume
change was then compared with the total volume change obtained by subtracting the post-stage
immersion volume from the pre-stage volume. The difference between the two volume change
measurements was attributed to volumetric compaction occurring during hydrostatic loading. The
pre-stage volume measurement was then modified accordingly, and the forward calculation was
repeated.

4.5.3 Reduction of Permeability Data

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

k=Q~
AAP

(4-2)

where

k =
Q =
A =
I.l =
L =

4P =

Penneability (having units of L2)

Measured flow rate of brine (having units of L3r 1
)

Current cross-sectional area (having units of L2)

Brine viscosity (having units of ML"lr1)

Current length (having units of L)
Pressure drop across specimen (having units of ML"'r2)
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The steady-state flow rate. Q. was measured during testin, by fittin,the flow volume..versus­
time data with a linear model using least squares. Values of specimen lenath and diameter were
obtained just prior to the PenneabUity stage using indirect contact dimension measurements. A
brine viscosity of 1.26cP (1.26)(10" kg • mel • S·I) was used for data reduction. This viscosity
corresponds to the viscosity of brine used by Stroup and Senseny (1987) and is similar to that
used by Shor et a1. (1981) in their Penneability tests.
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1.0 TEST RESULTS AND DISCUSSION

1.1 Sandl.Furnllhed Speclmenl

1.1.1 Pre..url.tlon Stage

During the pressurization stale, volumetric strains were recorded for each specimen. The
volumetric strain-versus-time data for Specimens 19JUN90 and 20SEP89 are shown in Figure
5-1. The pressurization stages for Specimens 19JUN90 and 20SEP89 continued for 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 conU'ols the tests failed. Failure of the
computer suspended data acquisition, but the stage was completed successfully because both the
pressure and temperature are controlled by manual set-point controllers.

The volumetric strains at the end of 2 days were about 1 percent and 2 percent for
Specimens 19JUN90 and 20SEP89, respectively. Although data were not collected beyond 2
days, the volumetric strain rates at the end of 2 days in both tests are significantly lower than the
rates at the beginning of the tests, and little additional strain is likely to have occurred after 2
days.

No volumetric strain data were obtained for the specimen identified as 20JUN90. Immedia­
tely upon pressurizing this specimen, silicone oil began to leak rapidly from the upper
penneability vent. The test was aborted and the specimen removed from the loading frame. A
post-test inspection revealed a small circular hole in the jacket. The diameter of the hole was
approximately the size of the diameter of the lockwire used to attach the jacket to the endcaps.
Based on this evidence, it wu assumed that the jacket was punctured by lockwire. The actual
timing of the event was not determined, but it was sunnised that the puncture occurred during
shipping.

6.1.2 Permeability Stage; Conlolldatlon Data

Volumetric strain data were also recorded during the permeability stages of each tesl The
data from both the pe~eability stages and the pressurization stages are shown in Figure 5-2.
The results show that the volumetric strain rate for Specimen 19JUN90 is nearly zero while the
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Figure 5-1. Volumetric strain-versus-time for Sandia-furnished Specimens 191UN90 and
20SEP89 during pressurization stage.
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Figure S-2. Volumetric strain-versus-time for Sandia-furnished Specimens 191UN90 and
20SEP89 during pressurization and permeability stages.
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strain rate for Specimen 2OSBP89ls about 2)(10",·1. Auumin. that no additional.train occurred
durin. the period when the computer failed II delCribed earlier, the to~ volumetric strI1na for
both sta.es were about 1.5 percent and 4.2 percent lor Speclmena 19JUN90 and 2OSBP89.
respectively. Ulin. I sip convention of compreuion positive. the strains shown indicate a
reduction in volume for both specimens. These strains clifTer from thOle indicated by the pte-tat

and post-test meuurementa (3.77 and 2.14 percent for Specimens 19JUN90 and 2058P89,
respectively). This discrepancy is attributed to the irre.ular shape of tho test specinlena and
resultin. inaccUracies in the direct meuurements. It is possible that there wu a small confinin.
pressure leak on Specimen 20S8P89 that resulted in measurements of elTOfteOUI volumetric
strains.

The fluewations in the volumetric strain data occumn. in the fint 45 days of testinl were
caused by changes in the loading piston position. The ori.inal testinl procedure specified that
the piston be positioned at the bottom of the pressure vessel so that no corrections to tluid
volume measurements would be needed. Durin. testinl, however. it wu diJcovered that the
piston had drifted up away from its original position. This movement of the piston was not
accounted for in data reduction and produced the anomalous volumetric strain data shown in
Filure 5-2. After the problem was identified, the loadinl piston wu returned to its orlpnal
posidon and this posidon was then maintained throughout the remainder of the stage.

1.1.3 Pernwability Stage; Permeability Datil

At the beginning of each permeability stage, the lower face of each specimen wu subjected
to a brine fluid pressure of 345 kPa. while the upper face was exposed to atmospheric pressure.
The brine flow-versus-time data are shown in Figures 5-3 and 5-4 for Specimens 19JUN90 and
205EP89, respectively. Flow is given as volume and refers to the cumulative change in fluid
level in the downstream reservoir. Data are plotted so that negative values of flow indicate flow
of brine from the downstream reservoir (buret) into the specimen, while positive values indicate
flow out of or through the specimen. Surprisingly, the data for both specimens (at least at early
times) indicate flow of brine into the specimen. This result implies that the specimens were not
fully saturated upon receipt or that evaporation of water from the specimens occurred durina
handling and tettin.. During the last SO days of testinl, the flow data for Specimen 19JUN90
showed a reverse in trend indicating flow through the specimen. It is possible that the difference
in flow characterisdcs between the two specimens is related to differences in specimen
assemblies. The specimen assembly used for Specimen 20SEP89 shown in Figure 2-1 provides
for less specimen drainage than the assembly used for later tests (pilure 2-2). The slope of the
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Filure 5-3. Brine volume-versus-time for Sandia-furnished Specimen 191UN90.
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Figure 5-4. Brine volume-versus-time for Sandia-furnished Specimen 20SEP89.
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flow-versus-time data is the flow rate. The data from the last SO days of Specimen 19JUN90
were fitted usin. a linear model and leut sqUIleS to obtain a flow rate of 0.0178 mJlday
(2.06xla"m's·I). This time period is labeled UPit Re,ion" in Filure 5-3. Most of the fluid
movement occurred within the first 10 days of this period and so the fit fe,ion wu subdivided
as shown in the fipre. The flow rates obtained for Subre,ions 1 and 2 usinllinear least-squares
fittin, were 0.0712 mllday (8.24)(la13m3s·') and 0.00787 mllday (9.1 hc1U'4m3s·1), respectively.

Permeabilities were calculated for the three regions defined in Figure 5-3 and are
summarized in Table 5-1. Because most defonnadon occurred early in the test, the post-test
dimensions of the specimen (Table 2-1) were used to calculate permeability. The difference in
permeabillties between the two subreaions is nearly an order of magnitude. This is much larger
than the measurement error of approximately 5 percent.

Table 5-1. Summary of Permeability Measurements

Spedmen ID

20SEP89

19JUN90

Fit region

Subregion 1

Subregion 2

20JUN90

Flow Rate(a)
(mJ~·I)

o

(a)

2.06)(10.13

8.24xl0·u

9.11xl0·14

(c)

Permeablllty(1t)
(m2

)

o

1.44xl(t20

5.77xl(t20

6.37xH)"21

(c)

(a) Flow rates for Specimen 19JUN90 are detennined for regions shown in
Figure 5-3.

(b) Based on pressure drop across the specimen of 345 kPa and permeant
viscosity of 1.26 cPo

(c) No data due to jacket rupture upon pressurization.
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1.2 Hydrostatic COnlolldaatlon Tilt.; ConIOllMon DatI

1.2.1 Teat ".una
Fractional density is plotted u a function of time for Stage I of all hydrostatic consolidation

tests in Filure 5-5. Complete plots of fractional density-versus-time for both stages of each test
are given in Appendix D. Fractional density data obtained during Stile 2 of Test HC6A show
a dramatic increase from those obtained in Stage I even though the hydrostatic stress was lower
in this stage. This increase was found to be an anomaly that resulted from a confming pressure
fluid leak in the test system rather than an actual change in specimen density. Mass, moisture
content and saturation level, and dry fractional density are given for hydrostatic consolidation
tests in Tables S-2, 5...3, and 5-4, respectively.

Table S-2. Specimen Masses for Hydrostatic Consolidation Tests

Specimen Mass

Test

HCIA
HC2A
HC3A
HC4A
HCSA
HC6A

Initial Value
Wet Mass of
Mass Salt Matrix
(kg) (kg)

2.2492 2.1812
2.1829 2.1130
2.2134 2.1565
2.1549 2.0895
2.2420 2.1731
2.2364 2.1741

Alter Saturation
Wet Mass of
Mass Salt Matrix
(kg) (kg)

2.6332 2.1812
2.4895 2.1130
2.5194 2.1565
2.4273 2.0895
2.4604 2.1731
2.4530 2.1741

I

Filure S-5 shows that for these saturated specimens, the greater the consolidation pressure,
the faster the densification rate at a given fractional density. Previous work (Zeuch et al., 1991)
has shown that for specimens that are already damp (Le., containing 3 percent brine by weight),
saturation has litde effect on the consolidation rate; at worst, slightly retarding it The data
presented here show higher consolidation rates than comparable tests conducted by Zeuch et al.,

and show slightly higher rates than were obtained by Holcomb and Shields (1987) on unsaturated
WIPP salt SPeCimens. The specimen assembly used in those studies differed from that used here,
so these discrepancies are not surprising. The earlier specimen assembly (shown in Figure 2.. 1)
provides for less specimen drainage than the assembly used in later tests and shown in Figure
2..2. Further work is needed to fully evaluate the effect of saturation on consolidation rate.
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Figure 5-5. Fractional density-versus-time for Stage 1 of all hydrostatic consolidation tests.
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Table 5-3. Moisture Contents and Saturation u,vels for Hydrostatic Consolidation Tests

Initial After PrecoadltioDIDa After Stale 1
alld Satuntlo.

Test Molsture(l) SaturatioD Mollture(a) SaturatioD MoIIture(l) SaturatioD
CODteDt Level Content Level CoDteDt Level

(,.) (,.) (,.) (.,) (.,) (.,)

HCIA 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 0.26 100

HC4A 2.28 10.8 11.39 83.67 1.49 100

HCSA 2.31 13.2 9.38 89.58 2.17 100

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 Tests(a)

Test
Initial After After Load After After
Value Conditioning Application Stage 1 Stage 2

HCIA 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

where

AV
- == I" == a 10g10 (t)+b
Vo

t = Time in seconds

a, b = Fitting parameters

(5-1)

This equation has a singularity at 1=0 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-Iogarithm 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 -0.114

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 sall 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

SCIB
SC2A
SC3A
SC4A
SC5A

SC6A
SC7A
SC8A

SC9B

Wet Mass Mass 01 Salt
(kg) Matnx

2.2203 2.1512
2.1219 2.0584
2.2497 2.1835
2.1740 2.1083
2.3857 2.3058
2.1476 2.0849
2.2930 2.2220
2.1761 2.1099
2.2351 2.16,58
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Figure 5-6. Rate change in fractional density-versus-fractional density for Stage 1 of all
hydrostatic consolidation tests~
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Figure 5-7. Fractional density-versus-time for consolidation tests at 3.45 MPa confming
pressure. Damp shear consolidation tests and saturated hydrostatic consolidation
tests are included.
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Figure 5-8. Fractional density-versus-time for damp shear consolidation tests at 5.17 MPa
confining pressure.
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Figure 5-9. Fractional density-versus-time for consolidation tests at 6.90 MPa conftnir,g
pressure. Damp shear consolidation tests and saturated hydrostatic consolidation
tests are included.
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Table 5..7. Moisture Contents and Saturation ~vels for Shear Consolidation'Tests

selD
SC2A

SC3A
SC4A

SC5A

SC6A

SC7A

SC8A

SC9B

Inldal Valoe

Mollture(a) Saturation
Content Level

(") (,,)
2.34 12.0

2.~ 12.3

2.21 11.3

2.27 11.1

2.52 15.2

2.19 9.6

2.33 12.1

2.29 11.1

2.33 11.1

AlterS_1

Moisture(a) Saturation
Content Level

(") (")
2.34 79.84

2.25 92.27

2.21 71.54

2.27 83.81

0.09 100

1.61 100

1.11 100

0.64 100

1.34 100

(a) Mass of water divided by dry mass.

Table 5-8. Dry Fractional Densities for Shear Consolidation Tests(l)

Test
InIdai ARer After Load After After
Value Conditioning Application Stale 1 Staae2

SCI 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

(a) Densities are based on volume measurements given in Table 2-6.
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consolidation tellS are liven in Appendix D. The fractional density daIa obllined durin, Stap
2 of Teats SC4A and SC6A show increases due to leab in tho teal systems and are anomaUes•....

A sudden increase in fractional density durin. Stale 2 of Test SC3A accompanies the intentional
shut-down of pressure vessel heaters.

Rates of chanle in fractional density are plotted versus fractional density in Pi,ures 5·10,
5-11, and 5-12 for Stale I of tests at each of the three confminl pressures. These data a1Jo
show no systematic cOlrrelation between densification rate and the maanitude of axial 1tre18

diffetence and are liven for reference.

Axial strains are ploued u a function of time in Pi.ures 5-13, 5·14, and 5-15 for shear
consolidation tests at commins pressures of 3.45, S.I', and 6.90 MPa. respectively. Each plot
contains data obtained at three values of stress difference. Lateral strains are Jiven in Fiaurel
5-16, 5-17, and 5-18 for the three conrmins pressures. The strains accunlulated durin.

"'-

application of the suess difference are shown in these plots. These load-up strains were
detennined by matehina the displacements measured with the LVDT and dUatometer to those
detennined using pre-stage and post-staae inditect contact measurements. Initial specimen
densities are not unifonn for these tests so that direct comparisons of axial and lateral strain data
are questicnable; however, the data generally show that at each pressure, tests with greater axial
stress differences show greater axial strain and less latefal compaction.

It is evident from these data that for each of the three pressures shown, the magnitude of the
stress difference has no systematic effect on consolidation rate. This conclusion is consistent
with the results of Zeuch et ale (1991) who obtained conflicting results from two shear
consolidation tests. Although a higher stress difference contributes to a higher mean 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.

Comparison of hydrostatic and shear consolidation data show ~at at a confining pressure of
3.45 MPa, the brine-saturated specimens under hydrostatic load tend to consolidate more quickly
than do damp specimens under shear load. The data obtained at 6.90 MPa show some overlap
between consolidation rates obtained during hydrostatic tests on saturated specimens and during
shear consolidation tests on damp specimens. Unfortunately, the effects of saturation and small
applied shear loads on consolidation rate cannot be separated using this limited data set
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Figure 5-10. Rate change in fractional density-versus-fractional density for consolidation tests at
3.45 MPa confining pressure. Damp shear consolidation tests and saturated
hydrostatic consolidation tests are included.
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Figure S.. II. Rate change in fractional density..versus-fractional density for damp shear
consolidation tests at 5.17 MPa confining pressure.
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Figure 5-12. Rate change in fractional density-versus-fractional density for consolidation tests at
6.90 MPa confining pressure. Damp shear consolidation tests and saturated
hydrostatic consolidation tests are included.
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Figure S-13. Axial strain-versus..time for Stage 1 of all shear consoUdadon tests at 3.4S 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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Figure 5-16. Lateral strain-versus-time for Stage 1 of all shear consolidation tests at 3.45 MPa
confining pressure.
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Figure 5-17. Lateral strain-versus-time for Stage 1 of all shear consolidation tests at 5.17 MPa
confining pressure.
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Figure 5-18. Lateral strain-versus-time for Stage 1 of all shear consolidation tests at 6.90 MPa
confining pressure.
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5.4 Permeability Data

Brine flow-versus-time data are presented in Appendix F for the R.ElSPEC Inc.-fumished
specimens. Flow is given as volume and refers to the cumulative chanle in fluid level in the
downstream reservoir. As mentioned in Section 4.4, post-test fluid continuity checks were
perfonned on specimen assembly components for most tests. The results of these checks are
summarized in Table S-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 RCS 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 REJSPEC Inc.-Furnished Specimens.

Test Check Perfonned Results
Yes No Pass Fail Inconclusive

BCIA X
HC2A X X
HC3A X
HC4A X X
HCSA X
HC6A X X

SCIB X
SC2A X
SC3A X X
SC4A X X
SCSA X X
SC6A X X
SC7A X X
SC8A 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 subsequently 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 penneabilitics, 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 (SCIB, SC2A, SC3A, and
SC4A) showed flow rates with positive slopes, while several saturated sPeCimens (HC5A, HC6A,
SC5A, 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 5-1 t' 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 penneability stage.

All positive penneability values shown in Table 5-10 and 5-11, as well as all data for
Specimen 19JUN90, are pl~tted in Figure 5-19 as a function of the fmal dry fractional density.
The data (log penneability versus fractional dry density) were fit using linear regression to obtain
a change in penneability of 1.9 orders of magnitude for a 0.1 change in fractional density. The
coefficient of determination for this fit (r) is 0.25 and the standard deviation for any predicted
penneability value is ± 0.85 orders of magnitude. The low coefficient of determination suggests
that a linear model may not be appropriate for describing the relationship between penneability
and fractional density. To obtain the highest penneabilities (and therefore the worst case scenario
froni the standpoint of repository perfonnance), the data were replotted in Figure 5-20 using only
the initial slopes for tests in which flow rates slowed substantially. All data marked with an
asterisk in Table 5-9, as well as data for Specimen 19JUN90 fit within subregion 1, are included
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Table 5-10. Summary of Permeability Data for Hydrostatic Consolidation Test Specimens

LeeatIa ilia......
...... ~ ..... ,..... PIe• P....

T.. P..-re '..-re ,....... FractIo-.I late ."My<m> (-) (MP.) (MPa) ..., ..., .. (W)

HCIA

·Day.l-20 0.17 0.091 0.05 0.86 0.8978 0.9037 9.6~£-06 6.34E-18

Day 20-64 0.17 0.091 0.05 0.86 0.8978 0.9037 l.08E-Q6 7.08E-19

HC2A
·Daya 1-19.5 0.167 0.091 0.43 0.86 0.947 0.9465 6.428-05 4.88E-18

HC3A

*Days 7-14 0.164 0.090 0.86 1.72 0.95411 0.942 5.7SE-Q6 2.148-19

Day. 7-35 0.164 0.090 0.86 1.72 0.9541 0.942 3.81B-Q6 1.42E-19

Day. 36-63 0.164 0.090 0.86 1.72 0.9541 0.942 1.26£-06 4.70E-20

Whole Test 0.164 0.090 0.86 1.72 0.9541 0.942 2.64E-Q6 9.86E-20

HC4A
*Wbole Test 0.163 0.09 0.86 1.72 0.9693 0.9359 3.678-06 1.37S-19

HC'A
*Wbole Test 0.159 0.091 1.73 3.45 0.9926 1.938-08 3.42E-22

HC6A
*Wbole Test 0.164 0.089 1.73 3.45 0.9929 5.268-07 lE-20

within this ploL The data in this figure were also fitted using a linear regression to obtain a
change of 2.1 orders of magnitude in penneability for a 0.1 change in dry fractional density. The
coefficient of detennination for this fit (r) is 0.32, and the standard deviation for any predicted
penneability value is :t 0.89 orders of magnitude. Again, a linear relationship between
permeability and fractional density may not be appropriate. The scatter in penneability values
obtained at a given value of fractional density is much larger than the measurement error of
approximately S percent. The permeability values detennined here are higher than those obtained
by Holcomb and Shields (1987) using argon gas as the permeanl

The deCl'ea1Se 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 days of Penneability 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 S-11. Summary of Permeability Data for Shear Consolidation Test Specimens

LelIa" 011...... PI.1eI CoIdIIIbIa I.... ,... Flow ,......
Telt ,........ ,,.... '........ ,..... Rate altlUty

(III) (-)
(M'.) (MPa) De..., De.., ..,. (W)

SCl1
·Days ()"3 0.16 0.092 0.92 1.84 0.9331 0.9635 1.08E..Q5 3.SiE·19

Days 3·62 0.16 0.092 0.92 1.84 0.9331 0.9635 9.88E..Q7 3.258·20

Days 56-62 0.16 0.092 0.92 1.84 0.9331 0.9635 1.93E..Q7 6.25B·21

Whole Test 0.16 0.092 0.92 1.84 0.9331 0.9635 1.29B..()6 4.23B·20

SC2A
-Days 29-32 0.151 0.093 0.98 2.93 0.9437 0.9879 4.34E..Q5 1.23E·18

Days 36-56 0.151 0.093 0.98 2.93 0.9437 0.9879 2.78B..Q6 7.89E·20

SC3A
-Days 0-18 0.156 0.093 1.03 2.07 0.9297 0.9697 1.16E..Q5 3.228.19

Days 85..95 0.156 0.093 1.03 2.07 0.9297 0.9697 2.97E..Q6 8.26B·20

Days 95-125 0.156 0.093 1.03 2.07 0.9297 0.9697 3.4OE·07 9.45E·21

Whole Test 0.156 .0.093 1.03 2.07 0.9297 0.9697 2.96E..Q6 8.248·20

SC4A

-Days 0-17 0.158 0.091 1.78 3.57 0.9378 0.9516 3.008-05 5.188.. 19

Days 17·64 0.158 0.091 1.78 3.57 0.9378 0.9516 ·2.198-07 ·3.788-
21

Wbole Test 0.158 0.091 1.78 3.57 0.9378 0.9516 4.768·06 8.228·20

SCSA

-Days 0-1 0.16 0.092 1.9 3.79 0.9994 1.0145 4.328-05 6.908·19
Wbole Test 0.16 0.092 1.9 3.79 0.9994 1.0145 3.74E·07 5.978·21

SC6A

·Days 0-13 0.153 0.093 2.01 4.02 0.9636 0.9768 1.808·06 2.568·20
Test to Date 0.153 0.093 2.01 4.02 0.9636 0.9768 6.688-08 9.538·22

SC7A

-Days 0-2 0.16 0.093 1.41 2.81 0.9753 0.9782 4.378-06 9.248·20

Test to Date 0.16 0.093 1.41 2.81 0.9753 0.9782 ·3.388·07 ·7.158-
21

SC8A

·Days 0-6 0.151 0.093 1.52 3.05 0.9862 0.9719 6.998·06 1.298·19
Days 30-36 0.151 0.093 1.52 3.05 0.9862 0.9719 1.618-05 2.998·19

Wbole Test 0.151 0.093 1.52 3.05 OJ~862 0.9719 3.458-06 6.398·20

SC9B
·Days 107 0.151 0.094 1.64 3.28 0.9701 0.9896 1.998·06 3.318·20
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Summary of All Perme.bllity Me.8urements

Permeability
(m2 )

1E-20
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1E.22 .&...-__'""'-__..J--__~____'______'______'

0.9

Figure 5-19. Permeability-versus-fractional density. All fits to the data given in Tables 5·10 and
S", 11 are shown.
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Summary of Initial Permeability Mealurementa
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Figure 5-20. Permeability-versus-fractional density. Only values marked by an asterisk in Tables
5-10 and 5-11 are shown.
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Figure 5-21. Brine volume-versus-time for Test SC3.
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dissolution and precipitation occurs II the brine moves through the specimen. It is possible that
precipitation causes the narrowing of some passageways, and so causes the flow rate to decrease.

1.5 T••t Control

Stresses and temperatures were held at constant values by feedback mechanisms in the test
systems. Appendices 0, H. and I contain test data illustrating the conditions maintained during
each test. Appendix 0 contains plots of axial stress-versus-time for Stale 1 of all shear
consolidation tests, and Appendix H contains plots of confining pressure-versus-time for both
stages of all tests on RFJSPEC Inc.-fumished specimens. Appendix I provides records of
temperature-versus-time for these tests as measured by a thennocouple located in the pressure
vessel wall. A temperature of 299.5 K (26.5°C) at the pressure vessel wall corresponds to a
specimen temperature of 298 K (25°C).

The data acquisition and control computer underwent three malfunctions during the testing
sequence causing lapses in data acquisition that can be seen in several tests. The test conditions
were maintained through manual control during these outages.

Several tests show short duration increases in temperature due to malfunctions in the heat
pump that controlled laboratory temperature. These temperature excursions are measurable at
the pressure vessel wall but are substantially damped at the specimen. Sharp drops in
temperature, down to 290-291 K, reflect a malfunction such as a loose electrical connection in
the temperature readout device. This was seen in Test SC4A; however, the error was only in the
computer readout of temperature. The temperature used by the temperature-control feedback loop
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 RFJSPEC Inc. for penneability testing. The remaining specimens were

prepared, assembled, and tested at RElSPEC 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 stage~, volumetric strains were measured and the test temperature

was held constant at 25°C. Two Sandia-furnished 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 penneability 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 rust 50 days of testing on Specimen

19JUN90; however, over the last 50 days of testing, a positive but very low flow rale 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. Mter

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., 1991) indicates that saturation has
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little effect, or perhaps only a slight retardation effect, on consolidation rates for specimen~Jhat

are already damp. Because of differences in specimen assemblies, the data presented here cannot

be directly compared with previously published data. These data, therefore, offer no further

clarification of this issue at this time.

The shear consolidation tests show that for the small axial stress differences used in this

study, there is no systematic correlation between the magnitude of the applied shear stress and

the consolidation rate. This is consistent with results obtained by~uch et al., 1991.

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

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

initial penneabilities 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 penneability ranged

from 6 x 10-18 m2 for a fractional density of 0.90 to 3 x 10-22 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 WIPP SALT, SUBMITTED TO REISPEC INC. BY TWIN

CITY TESTING CORP., RAPID CITY, SOUTH DAKOTA

A-I



A-2

•



iF.
' t:wln City testlnq

.COf'IX)t1It:lan

• 781 tIDUSTRIAL AVENUE 640 weSf MAIN
RAPID arv. SO 57702 L!AD. SO 57754
PHONE 6OS/348-SIS) PHONE 6OSIS84-2007

CHEMISTRY LABORATORY
1854 lOMBAROV DRIVE

RAPtD OTV. SO 57701
'PHONE 6051341-7284

February 7. 1992

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

Job Number: 6110-92- 266
Samp1e oesc.r1pt1on : WIPP/CS-A

Lab Numbet"': 360 I

POI: 5737

PARAMETER RESULT, % DATE/ANALYST

Calcium o. 15 2/6/92 BC

Chloride 58.0 2/7/92 JQ

Magnesium 0.062 2/6/92 BC

Potassium o. 151 2/6/92 BC

Sodium 35.0 2/6/92 BC

Strontium 0.005 2/6/92 Be

Sulfate 0.62 2/7/9'2 KC

Total Dissolved Solids 4850 2/7/92 JQ

'I Irisolubles 0.91 2/5/92 JQ

lEOTA Insolubles 0.32 2/7/92 JQ

Date Received: 1/31(92

Reviewed By:~~



~~test:lnq
,-:'781 INOUSlRIAL AVENUE 6.a wur MAIN

RAPt£) Q'IY, SO 57702 l!AD, SO 57764
PHONE 605/3A&o585O PHONE 6OSI5I4-2OO7

CHEMJSTIW LMORATORY
1154 LOMIAROV CAM

RAPID cnv, SO m01
PHONE 6051341·7284

February 7, 1992

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

Job Number: 6110-92- 266
Samp1e Oeser i pt1on : WIPP ICS-B

Lab Number: 3602

POI: 5737

PARAMETER RESULT t % DATE/ANALYST

Calcium 0.26 2/6/92 BC

Chloride 58.0 2/7/92'JQ

Magnesium 0.074 2/6/92 BC

Potassium o. 174 2/6/92 Be

Sodium 34.2 2/6/92 BC

Strontium 0.006 2/6/92 BC

Sulfate 0.96 2/7/92 KC

Total Dissolved Solids 4800 2/7/92 JQ

, Insolubles 0.83 2/5/92 JQ

, EDTA Insolubles 0.51 2/7/92 JQ

Date .Received: 1/31/92

Reviewed lIy: K~'--
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•• ..... tWin City test:lnq

c:an:x::M1IClan

• 181 lNOUSTRIAI. AVENUE 640 WEll' MAIN
RAPID O'IY, so 57702 L&AD. so a7754
PHONE 6OSI34W8S0 PHONE 6OSI5a4-2007

CHEMISTIW lABORATORY
1854 LOMlAADY DAM

RAPID crrv. so 57701
PHONE 6OSI341.7284

February 7, 1992

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

Job Number: 6110-92- 266
Sample Description: WIPP/CS-c

Lab Number: 3603

POI: 5737

PARAMETER RESULT, % DATE/ANALYST
Calcium 0.24 2/6/92 BC

Chloride 56.0 ;; 2/7/92 JQ

Magnesium 0.084 2/6/92 BC

Potassium 0.232 2/6/92 BC

Sodium 34. I 2/6/92 BC

Strontium 0.001' 2/6/92 BC

Sulfate 0.98 2/7/92 KC

Total Dissolved Solids 4750 2/7/92 JQ

I Insolubles 1.52 2/5/92 JQ

lEOTA Insolubles 1.0 I 2/7/92 JQ

Date Received: 1/31/92

ieviewed 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
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WP01352

date. Ausult 10. 1913

to: D. I. Mun.on - 6332

,~
from: C. L. Iteln - 6331

sub,ect. .e.ult.. of IIi neralol i c'al Analy•••

Sandia National Laboratories
Atbuquerque. New MeXICO 87185

The re.ult. of 28 analyse. for mineral residue content of WIPP-SPDV
balite. ar. presented 17"re. The., .amples, ransing s.nerally in amounts
of approalmatelY 100-5~0 S, were firlt. w.lsbed out accurately, then
.tirred and di ••olved overnisht in dl.t.illed water; the w.ter-ln.olubl.
r'lldu•• wer. fllt.red cnto prewelshed What.an filt.r paper dilca, dried,
rewellhed, and the w.icht perc.nt of water-inlolubl. ain.ral re.idue thua
calculat.d (Tabl. 1). Split. of this _aterial were r.moved for a-ray
diffraction analy.es and the r.mainder u.ed in th. IDTA treat-ent ••
follow.. Th. remainder. of th. water-in.olubl. relldue. were w.l,hed
out., boiled for. hour. in 0.25 II di-sodium IOTA, filt.red onto pr.­
w.lghed Whatman filter, paper di.c., dried, r.w,ished, and the EOTA­
iOlolubl. weicht perc.nt. calculat.ed a. before (Table 1). Not.e that t.he
BDTA weicht ~ercenta ar. calculated from the .ample weichtl which are
water-Insoluble re.idues, not tbe total sample weicht.. In a few ca.es,
there waa .imply not enoush of the wat.er-insoluble re.idue left to treat
with IDtA. In a few other ca.es, th. amount. were .0 a••l1 that~ wbile
I did .ana,e to obtain IOTA-lnsolubl. weicht p.rcentagea, I am o~t c~.­

plet..ly confident of their accuracy. Aa a check of the reproducibJlitl
of the IOTA numbera, I repeated the procedure on apl~tl of 4 sample.
where lufficlent ••terlal was available. The IDTA-in.oluble weicht
percentace. I obtained were reproducible to within ±2I.

Tbe a-ray diffraction r.sulta frOID the water-inaoluble re.idues (Table 2)
.bowed tbe ..jor component. to be ~uartz, anhydrite, Iypawa, .a,n•• ite,
polyballte, and a cIa, (probably montmorillonite). Baled on vi.ual
inapection of tbe zao p.ata and knowledge of the relative diffraction
.fflciencl'l of the.e .lnerals, their relative abundance. are qualita­
tively reported bere aa presence in ••jor (II), .lnor (m), and trace (tr)
amounts. Note that tbis 1. got a quantitative technique, and tbea.
r ••ult. must not be Interpreted in auch a way. .

After treat.ent with ROTA, tbe ...pl.s contained onlJ quartz and clay; It
1. of intereat to a.e that, followins the removal of the IOTA-inaoluble
.lneral. (anhydrite, gypsum, .alnesite, and polyhalite), tbe clay frac­
tion i ••een to contain kaolinite and a lOA clay (pre.umably Illite) in
addition to .ontmorillonite (Table 3). Owinc to the tremendous contrast
io diffraction efficlenc.a between the quartz, which wal esaentlally
ubiquitoua, and these clay., It wa. felt that .v.n a qualitative •• ti_*te
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of rel.tlve mineral abundance. would be .l.le.dlnl. Hence I report here
oal, the pre.ence or ab.ence of tbe.e pb..... How.ver. Ilnce tti. wlt.r­
In.olub1e SID patt.rn. j1j pick up the 8Ont~rlllonlt. (but Dot the 101
or 71 reflection,>, it may be .afely al.umed that it 1. tbe ~It abundant
of the clay .pecie. pre.ent. I bave reque.ted additional ZID work
(lDvolvlna .tandard technique. tor beat Ind ethylene alycol traataent)
for aore .pecltic clay Identlfic.tion: I expect tho.e results within a
weet or two.

Thi. work is to be continued; I .. ,wallins completion of about a dozen
thin .actlons of DO-52 and DO-53. I reque.ted them primarily for the
purpo•• of elaminins them for clay di.trlbutlon and tbe authlaanlc quartz
that I have reported on previou.ly. 'lan' are pre••nlly underway for an
esperlmental attempt at u.loa radio&raphy .nd/or &~a-be.. den,llo.etry
(all facilitie. available at Sandia) to elamine core for non-.aCl con.tl­
tuent.. Until one of the•• technique. prove. fea.ible, .elected ...pl••
.., be analyzed by the di ••olution .ethod de.crlbed here althoulh the
ti.e .c.le I •• at pr•••nt, somewhat uncertain. A r.que,t ha. been .ade
to UNM to find a replac••ent for Ilchard Ha.ker, the student who per­
formed th.,e XID an.ly•••• and every .ffort i. belns ••de to coordinate
with UN" 10 that this portion of the project will be runnlne •.oothly by
Sept••bel:' 1st.

CLS:6331:cds(3621)
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TABLE 1

¥tPP-IPR! 11191,.:I,,01vb1, ••,14Y"
Vattr-Jo,o1ybl' IptA-ln,01u))I'

S.pl. ••• Idv. W.lcht ...pl. 1.,1dv. W.lcht
IMpl. 'umb• r WtJlbt Yt'abt ',rc,nt W,labt V,'laht P,rcent

1. DO-S2-.9.'-49.9 12v 394.46 3.99 , .01 3.13 2.70 16.26

2. DO-52-.1.7-.9.2 12M 315.06 16.\9 5.27 5.31 4 .. 33 81.54

3. DO-S2-42.6-43.'1 11M 543.62 '7.9' 3.31 5.13 4.51 19.2.

4. 00-52-39.4-40.0 10v 336.10 0.11 0.03
~ DO-52-33.1-34.7 9v 538.73 20.28 3.76 5.0S 3.98 78.81

DO-52-27.1-27.9 lu 479.19 10.54 2.20 4.62 2.54 54.98

7. DO-52-24.1-24.7 7u 300.20 0.11 0.04

I. DO-52-20.4-21.0 6u 362.35 2.49 0.69 1.50 0.71 67.33

9. DO-$2-14.3-15.0 5u 415.57 2.15 o. S2 1.61 0.72 44.72

10. DO-52-10.I-ll.7 4u 554.81 4.84 0.87 3.?8 1.64 50.00

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

12. DO-52-2.0-2.75 2u 436.67 2.16 0.69 1.32 0.91 68.94

13. 00-52-0.5-1.0 1M 354.33 0.73 0.21 0.45 0.39 86.67·
.... 00-53-2.35-2.6- ID 106.62 0.60 0.56 0.22 0.12 54.55·

DO-53-'.0-4.3 ID 206.53 1.28 0.62 0.80 0.28 35.00·

16. DO-53-cor.. fraIse 2D 236.37 8.27 3.50 3.37 2.58 76.56

17. DO-53-14.1-14.5 3D 25\.72 0.40 0.16 0.36 0.14 38.89·

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

19. .DO-53-73.7-24.1 40 1.55.36 1.26 0.81 0.96 0.59 fil.46

20. DO-53-2.~1-2'.6S 40 326.42 7.93 2.43 5.09 ,1.71 33.60

21. 'DO-53-27.1-27.8 5D 526.] 0 4.63 0.1' 3.19 1.68 52.66

22. DO-53-31.0-31.5 6D 3'2.93 0.21 0.06

DO-53-36.1.-36.7 7D 364.13 1.8' 0.52 1.47 1.17 79.59.... DO-53-43.2-43.6 8D 243.12 0.50 0.21 0.22 0.22 100.00·

25. 00-53-43.6-44.0 80 248.19 0.35 0.14 0.25 0.12 48.00·

26. DO-53-.7.7·...8.05 90 231.51 3.89 1.68 2.87 1.53 53.31

27. DO-53-'8.05-48.25 90 112.96 1.48 1.31 1.18 0.77 62.25

28. 2065 290.20 2.28 0.79

-V.r, I1ttl•••t.rlal to vork witb; th••• valu•••ay b, Inaccurat,.

CLS:6331(362l)
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tABLE 2

X-lAY DIFFRACTION ANALYSES or WATER-INSOLUBLE IESIDUES

Clay
Kont.moril-

S_pl. No. Quartz Anbydrite gy~aum Ifalnealt. Polxbalite 10nit.

00-52....9.2-.9.9 It m 1ft m

DO-52-48.7-49.2 II m t.r

00-52-42.6-43.5 l1u If tr

DO-52-33.8-34.7 II 1ft t.r

00-52-27.1-27.9 II II t.r

DO~52-20.4-21.0 6u .. • M II

00-52-14.3-15.0 It II

00-52-10.1-11.7 m If II H II

00-52-2.0-2.75 ~~u It M at .. t.r

00-52-0.5-1.0 1t1 II II tor

2065'* III

00-53-2.35-2.60 1D 1ft If It m •
DO-53-4 .0-4.3 l'D .. 1ft It 11\ • t.r

DO-53-Core fra&ments II II

00-53-14.1-14.5 3D 111 If II •
00-53-17.15-17.80 !I • !I, t.r

DO-53-23.7-24.l 14 t.r M tr t.r

00-53-24.1-24.65 4D If It • It II III

00-53-27.1-27.1 5D II t.r It t.r

DO-53-31.0-31.5 II

DO-53-36.1-36.7 7D m II t.r

DO-53-43.2-43.6 8D II It t.r

00-53-43.6-44.0 8D II It M m

00-53-47.7-48.05 .. II tr
•

00-53-41.05-48.25 III It tr

.Further work OD this aample was dropped when It waa l.arn.d that It. locat.ioD

vas unknown.
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TABLE 3

X-lAY DIFPRACTION ANALYSES or IDTA-INSOLUBLE RESIDuas

Mont.moril-
lonite Illite kaolinite.

..J..l01 ) (76)...pl. 10. Quartz 14A

00-52-49.2-49.9 X X X X

00-52-48.7-49.2

00-52-42.6-43.5 l1u X

00-'2-33.8-34.7 X X X X

00-52-27.1-27.9 X X X

00-52-20.4-21.0 6u X X X X

00-52-14.3-15.0

00-'2-10.8-11.7 X X X

00-'2-2.0-2.75 2u X X X X

00-'2-0.5-1.0 1u I

00-53-2.35-2.60 1D

00-53-4.0-4.3 1D X X

DO-53-Core fralments X

00-53-14.1-14.5 3D

00-53-17.15-17.80 X X X X
CJ

00-53-23.7-24.1 X X X

00-53-24.1-24.65 4D

oo-53-27.1-27.85D X X X

00-53-31.0-31.5

00-53-36.1-36.7 7D

00-53-43.2-43.6 8D

00-53-43.6-44.0 80

00-53-47.7-48.05 X X X X

DO-53-41.05-48.25 I X I oX

.
1-2a-646 (ba.e of Cu1ebra) X X I
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cop, t.o:
J. Treadwell - DOI/WPO
A. Hunt. ------ DOI/WPO
D. ~hukla ---- TIC (D'Appolonla)
D. Steven.on - TSC (D'Appolonla)
J. s.rba ----- .echtel-AL
H. ta,tor ---- Bechtel (s.r.)
~. L. WU ----- Bechtel (s.r.)
ChiD& WU ----- Bechtel (s.r.)
D. loberts --- aechtel (s.r.)
I. McKinney -- D'Appolonla (Carl.bad)
1521 I. D. triel
1521 H. S. Morlan
1521 C. M. Stone
1521 D. W. Webb
1542 8. K. Butcher
1542 W. Wawerlik
6330 W. D. W.art
6331 A. I. Lappin
6331 D. J. Born.
6331 S. J. Lambert
6331 I. L. lobinson
6331 S-I. Shaffer
6332 T. O. Hunter
6332 I. V. Matalucci
6332 T. M. Torres
6332 WPO File
6331 C. L. steln
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APPENDIXC. SUMMARY OF TRANSDUCER REVERIFICATION DATA
FOR ALL HYDROSTATIC AND SHEAR CONSOLIDAnON TESTS
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Tlbl••

Table C-l. Reverification Data for Test HC IA . . . . • . . . . . . . . . . . . . '. . . . . CoOS
Table C-2. Reverification Data for Test HC2A ~ C..6
Table C-3. Reverification Data for Test HC3A C-7
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Table Cool. Reverification Data for Test HC1A

Test
and

Stage

HC1A Stage 1

BCIA Stage 2

Transducer Reveri-

Test ~cation Status at
Transducer

Condition
Test Condition Or

Nearest Calibration
Point(a)

Axial Load Cell 10.7 kN 1.68 percent high

Confming Pressure 1.72 MPa 5.64 percent low

Pore Pressure N/A N/A

LVDT o.. 25.4 IlJm Reverified

Dilatometer o.. 100,000 mm3 Reverified

Te1uperature 2SoC Reverified

Axial Load Cell 5.3 leN 1.68 percent high

Confining Pressure 0.86 MPa 5.64 percent low

Pore Pressure 0.05 .. 0.42 MPa Reverified

LVDT 0 .. 25.4 mm Reverified

Dilatometer o.. 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, .defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
±loC.

C-s



Table C-2. Reverification Data for Test HC2A

Test
and

Stale

HC2A Stage 1

HC2A Stage 2

Transducer Reverl-

Test ftcadon Status at
Transducer Condltion Test CondJdon or

Nearest Calibration
Point(·)

Axial Load Cell 10.7 leN 2.40 percent high

Confining Pressure 1.72 MPa Reverified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer .", o- 100,000 mm' Reverified

Temperature 2SoC Reverified

Axial Load Cell 5.3 leN 3.02 percent low

Confining Pressure 0.86 MPa Reverified

Pore Pressure 0.43 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer o- 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, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
:tl°C.
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Table C-3. Reverification Data for Test HC3A

Test
and

Stage

HC3A Stage 1

HC3A Stage 2

Transducer Revert-

Test lcadotrl·Status at
Transducer Condition Test Condition or

Nearest Calibration
Polnt(a)

Axial Load Cell 21.4 kN 1.04 percent low

Confining Pressure 3.4SMPa Reverified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer o.. 100,000 mm3 Reverified

Temperature 2SoC 3.3°C high

Axial Load Cell 10.7 leN 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 o.. 100,000 mm3 Reverified

Temperature 25°C 3.3°C high

(a) ErrO'ts are given as a percent of reading..Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
±loC.
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Table C-4. Reverification Data for Test HC4A

Test
and

Stage

HC4A Stage 1

HC4A Stage 2

Transducer Reven-

Test
flcadon Status at

Transducer Condition Test Condidon or
Nearest CaUbrattion

Point(a)

Axial Load Cell 21.4 leN Reverified

Confining Pressure 3.45 MPa 2.40 percent low

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer 0- 100,000 mm' Reverified

Temperature 25°C Reverified

.Axial Load Cell 10.7 leN 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 o- 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, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
:l:l°C.
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Table C-5. Reverification Data for Test HC5A

Test
and

Stage

HCSA Stage 1

HC5A Stage 2

Transducer Reveri-

Test ftcadonStatuB at
Transducer Condition Test Condition or

Nearest Calibration
PointCa)

Axial Load Cell 42.8 leN Reverified

Confining Pressure 6.90 MPa 2.91 percent low

Pore Pressure N/A N/A

LVOT 0- 25.4 mm Reverified

Dilatometer o- 100,000 mm3 Reverified

Temperature 25°C Reverified

Axial Load Cell 21.4 leN Reverified

Confming Pressure 3.45 MPa 5.77 percent low

Pore Pressure 1.72 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer o- 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, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
±l°C.
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Table C-6. Reverification Data for Test HC6A

Test
and

Stage

HC6A Stage 1

HC6A Stage 2

Transducer Reveri·

Test flatlon Status at
Transducer Condldon Test Condldon or

Nearest Calibration
Polnt(a)

Axial Load Cell 42.8 leN 2.43 percent low

Confining Pressure 6.90 MPa Reverified

Pore Pressure N/A N/A

LVDT 0·25.4 mm Reverified

Dilatometer o- 100,000 mm3 Reverified

Temperature 25°C Reverified

Axial Load Cell 21.4 leN 4.39 percent low

Confining Ptessure 3.45 MPa Reverified

Pore Pressure 1.72 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer o- 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, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
±l°C.
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Table C-7. Reverification Data for Test SCID

Test
and

Staae

SCIB Stage 1

SCID Stage 2

Transducer Reveri-

Test t1cadOD Status at
Transducer Condldon Test Concldon or

Nearest Callbradon
Point')

Axial Load Cell 26.6 leN 2.32 percent high

Confming 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 Reverified

Temperature 25°C Reverified

Axial Load Cell 11.4 KN 2.32 percent high

Confining Pressure 1.84 MPa 1.24 percent high

Pore Pressure 0.92 MPa . 5.7 percent low

LVDT 0- 25.4 mm Reverified

Dilatometer o- 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) ElTors are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
::tl°e.
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Ta.ble C..S. Reverification Data for Test SC2A

Transdueer Revert-
Test Test

fteatioD Status at
and TraRldueer Condition

Test Condltion or
Stap Nearest CaUbradon

Point(a)

SC2A Stage 1 Axial Load Cell 31.9 leN Reverified

Confming Pressure 3.45 MPa 3.03 percent low

Pore Pressure N/A N/A

LVDT 0- 25.4 mm 3.97 percent low

Dilatometer o- 100.000 mm3 Reverified

Temperature 2SoC Reverified

SC2A Stage 2 Axial Load Cell 11.4 leN Reverified

Confining Pressure 1.95 MPa 3.03 percent low

Pore Pressure 0.98 MPa Reverified

LVDT 0 .. 25.4 mm 3.97 percent low

Dilatometer o- 100.000 mm3 Reverified

Temperature 2SoC Reverified

SC2A Stage 3 Axial Load Cell 11.4 leN Reverified

Confining Pressure 2.93 MPa 3.03 percent low

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

(a) Errors are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading. defonnation
transducers accurate to within 2 percent of reading. ,temperature accurate to within
:t:l°C.
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Table C-9. Reverification Data for Test SC3A

o-25.4 mm Reverified

0- 100,000 mm' Reverified

25°C Reverified

Test
and

Stale

SC3A Stage 1

SC3A Stage 2

Transducer

Axial Load Cell

Confining Pressure

Pore Pressure

LVDT

Dilatometer

Temperature ."

Axial LQad.Cen

Conflning Pressure

Pore Pressure

Test
Condition

36.9 leN

3.45 MPa

N/A

12.8 leN

2.07 MPa

1.03 MPa

Transducer Reveri.
flc:atlon Status at
Test Condition or

Nearest Calibration
Point-)

Reverified

1.31 percent low

N/A

Reverified

1.31 percent low

Reverified

LVDT

Dilatometer

Temperature------

0- 25.4 mm Reverified

o- 100,000 mm' Reverified

25°C Reverified

(a) ElTors are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
:l:l°C.
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Table C-I0. Reverification Data for Test SC4A

Test
and

Stale
Transducer Test

ConcUfioR

Transducer Reveri­
fication Status at
Test Condi,don or

Nearest Calibration
Point·)

~C4A Stage 1

SC4A Stage 2

Axial Load Cell 47.91cN Reverified

Confining Pressure 6.90 MPa Reverified

Pore Pressure N/A N/A

LVDT 0:. 25.4 mm Reverified

Dilatometer o- 100,000 mm3 Reverified

Temperature 25°C Reverified

Axial Load Cell 22.1 leN Reverified

Confining Pressure 3.57 MPa Reverified

Pore Pressure 1.78 MPa Reverified

LVDT 0·25.4 mm Reverified

Dilatometer o. 100,000 mm3 Reverified

Temperature 25°C Reverified

(a) BlTOrs 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
:tl°C.
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Table Cool1. Reverification Data for Test SC5A

Test
and

Stage

SC5A Stage 1

SCSA Stage 2

Transducer Revert-

Test tleadon Status at
Transducer COlldldon Test Colldidon or

Nearest Calibration
Polnt(a)

Axial Load Cell 58.3 leN 1.27 percent high

Confining Pressure 6.90 MPa 1.71 percent high

Pore Pressure N/A N/A

LVOT 0·25.4 rom Reverified

Dilatometer Ooo 100,000 mm3 Reverified

Temperature 25°C 1.2°C low

Axial Load Cell 23.5 leN 3.30 percent high

Confming Pressure 3.79 MPa 3.40 percent high

Pore Pressure 1.90 MPa Reverified

LVDT 0 .. 25.4 rom Reverified

Dilatometer ooo 100,000 mm' Reverified

Temperature 25°C 1.2°C low

(a) Brrors are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
±l°C.
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Table C-12. Reverification Data for Test SC6A

Test
and

Stille

SC6A Stage 1

TtlUlldueer

Axial Load Cell

Confining Pressure

Pore Pressure

LVDT
Dilatometer

Temperature

Test
Condllon

67.S leN

6.90 MPa

N/A

O· 2S.4 mm

o- 100,000 mm3

2SoC

TtlUlldueer Reveri­
fication Status at
Test Condition or

Nearest Cdbradon
Poinfe)

3.78 percent high

Reverified

N/A

Reverified

Reverified

Reverified

SC6A Stage 2

Reverified

o- 100,000 mm' Reverified

Axial Load Cell

ConfIDing Pressure

Pore Pressure

LVDT
Dilatometer

Temperature------

2.5.0 leN

4.02 MPa

2.01 MPa

0- 2.5.4 mm

2.S1 percent low

1.60 percent low

Reverified

Reverified

(a) BlTOrs are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
±loC.
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Table C-13. Reverification Data for Test SC7A

Teat
and

Staae

SC7A Stage 1

Transducer

Axial Load Cell

Confming Pressure

Pore Pressure

LVDT

Test
Condidon

42.5 kN

5.17 MPa

N/A

0- 25.4 mm

Traasduc:er Reverl­
lcadon Status at
Test Condition or

Nearest Calibration
PoInt(a)

Reverified

Reveritled

N/A

Reverified

Dilatometer

Temperature

0- 100,000 mm3 Reverified

2SoC Reverified

SC7A Stage 2 Axlal Load Cell

Conrming Pressure

Pore Pressure

LVDT
Dilatometer

Temperature------

17.4 kN

2.81 MPa

1.41 MPa

0- 25.4 mm

o- 100.000 mm3

25°C

Reverified

Reverified

Reverified

Reverified

Reverified

Reverified

(a) ElTors are given as a percent of reading. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading. defonnation
transducers accurate to within 2 percent of reading. temperature accurate to within
:tl°C.
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Table C-14. Reverification Data for Test SC8A

Test
and

Stage
Transdueer Test

Condition

Transducer Revert­
lleaUon Status at
Test Condition or

Nearest Calibration
Pointa)

SC8A Stage 1

SC8A Stage 2

Axial Load ceu 52.0 kN 3.17 percent low

Confining Pressure 5.17 MPa Reverified

Pore Pressure N/A N/A

LVDT 0- 25.4 mm Reverified

Dilatometer o- 100,000 rom' Reverified

Temperature 25°C Reverified

Axial Load CeU 18.9 kN 6.73 percent low

Conftning Pressure 3.05 MPa Reverified

Pore Pressure 1.52 MPa Reverified

LVDT 0- 25.4 mm Reverified

Dilatometer o- 100,000 mm' 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, defonnation
transducers accurate to within 2 percent of reading, temperature accurate to within
±1°C.
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Table C-lS. Reverification Data for Test SC9B

Test
8Dd

State

SC9B Stale 1

Transducer

Axial Load Cell

Confinin. Pressure

Pore Pressure

LVDT
Dllatometer

Temperature

Tilt
Colldldon

59.6 kN

5.17 MPa

N/A

0- 25.4 mm

o• 100.000 mm'
2SoC

Transdueer "'erl­
fleadon Statui at
TMt Coadldon or

Nearest Callbr.tlon
PoInt(a)

4.25 percent low

Reverified

N/A

Reverified

Reverified

Reverified

SC9B Stage 2 Axial Load Cell

ConCmin. Pressure

Pore Pressure

LVDT
Dllatometer

Temperature------

20.4 kN

3.28 MPa

1.64 MPa

0·25.4 mm

o• 100.000 mm'

25°C

6.85 percent low

Reverified

Reverified

Reverified

Reverified

Reverified

<a> Errors are liven as a percent of readinl. Successful reverification requires load and
pressure transducers accurate to within 1 percent of reading. defomation
transducers accurate to within 2 percent of reading. temperature accurate to within
:tloC.
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APPENDIX D. FRAcnONAL DENSITY-VERSUS-TIME FOR ALL
HYDFtOSTAnc AND SHEAR CONSOLIDAnON TESTS
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Figure O·S. Fractional density-versus-time for Test HCSA. D·9
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Figure 0-8. FraetilJnal density-versus..time for Test SC2A•.................... 0-12

Figure 0·9. Fractional density-versus-time for Test SC3A 0-13
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Figure 0-11. Fractional density-versus-time for Test SC5A ' 0-15
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Figure 0-13'. Fractional density-versus-time for Test SC7A 0-17

Figure 0-14. Fractional density-versus-time for Test SC8A 0-18
Figure 0-15. Fractional density-versus-time for Test SC9B 0-19
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Figure D-1. Fractional density-versus-time for Test HCIA.
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Figure 0-2. Fractional density-versus-time for Test HC2A.
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Stage 1 : aI =3.45 t.t'a
stage 2 : al =1.72 ....0
• : Posf-Test DIrect MIClStlement

1.00

0.75

0.70
0

STAGE 1

20

STAGE 2

40 60 80

TIME (Days)
100

•

120

g·,.7..·t37

Figure D-3. Fractional density-versus-time for Test HC3A.
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Figure D-4. Fractional density-versus-time for Test HC4A.
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Figure D-S. Fractional density-versus-time for Test HCSA.
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Figure D-6. Fractional density-versus-time for Test HC6A.
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Figure D-7. Fractional density-versus-time for Test SetB.
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Filure D-8. Fractional density-versos-time for Test SC2A.
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Filure D-9. Fractional density-versus-time for Teat SC3A. The increase in fractional density
at 126 days is due to tuminl off the pressure vessel heaters.
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Figure 0·10. Fractional density-versus-time for Test SC4A.
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Figure 0-11. Fractional density-versus-time for Test SCSA.
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Pi,ure D-12. Fractional density-versus-time for Test SC6A.
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Figure 0-13. Fractional density-venus-time for Test SC7A.
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Figure D-14. Fractional density-versus-time for Test SC8A.
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Figure D-15. Fractional density-versus-time for Test SC9B.
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APPENDIX E. ACTUAL AND FIIiED VOLUMETRIC STRAIN DATA
FOR STAGE 1 OF HYDROSTATIC CONSOLIDATION TESTS
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Figures

Figure B-1. Volumetric strain-versus-logarithm of time for Test He1A. Solid lihes are
actual data and dotted lines show fits to data. ........•........... B-S

Figure B-2. Volumetric strain-versus-Iogarithm of time for Test HC2A. Solid lines are
actual data and dotted lines show fits to data. 8 ..6

Figure 8-3. Volumetric strain-versus-Iogarithm of time for Test HC3A. Solid lines are
actual data and dotted lines show fits to data. 8-7

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

Figure E-S. Volumetric strain-versus-Iogarithm of time for Test HCSA. Solid lines are
actual data and dotted lines show fits to data. E-9

Figure 8-6. Volumetric strain-versus-Iogarithm of time for Test HC6A.. Solid lines are
actual data and dotted lines show fits to data. E-I0

Figure B-7. Volumetric strain-versus-time for Test HC i A. Solid lines are actual data and
dotted lines show fits to data. E-l1

FigureE-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-I0. Volumetric strain-versus-time for Test HC4A. Solid lines are actual data and
dotted lines show fits to data. E-14

Figure E-l1. Volumetric strain-versus-time for Test HCSA. Solid lines are actual data and
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Figure B-12. Volumetric strain-versus-time for Test HC6A. Solid lines are actual data and
dotted lines show fits to data. B-16
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Figure 8 ..12. Confming pressure-versus-time for Test SC6A.
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