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1.0 EXECUTIVE SUMMARY

The Saltstone Disposal Facility (SDF), located in the Z-Area of the Savannah River Site (SRS),
is used for the disposal of low-level radioactive salt solution. The SDF currently contains two
vaults: Vault 1 (6 cells) and Vault 4 (12 cells). Additional disposal cells are currently in the
design phase. The individual cells of the saltstone facility are filled with saltstone., Saltstone is
produced by mixing the low-level radioactive salt solution, with blast furnace slag, fly ash, and
cement or lime to form a dense, micro-porous, monolithic, low-level radioactive waste form.
The saltstone is pumped into the disposal cells where it subsequently solidifies. Significant
effort has been undertaken to accurately model the movement of water and contaminants through
the facility. Key to this effort is an accurate understanding of the hydraulic and physical
properties of the solidified saltstone . To date, limited testing has been conducted to characterize
the saltstone .

The primary focus of this task was to estimate the hydraulic and physical properties of MCU
(Modular Caustic Side Solvent Extraction Unit) saltstone relative to two permeating fluids.
These fluids included simulated groundwater equilibrated with vault concrete and simulated
saltstone pore fluid. Samples of the MCU saltstone were prepared by the Savannah River
National Laboratory (SRNL) and allowed to cure for twenty eight days prior to testing. These
samples included two three-inch diameter by six inch long mold samples and three one-inch
diameter by twelve inch long mold samples.

The three inch diameter mold samples were submitted to an offsite laboratory for hydraulic and
physical property testing. These services were provided by Geotesting Express, Inc. (GTX) per
ASTM specifications. Properties measured included saturated hydraulic conductivity, moisture
retention characteristics, dry bulk density, and porosity. The hydraulic conductivity of a porous
medium is related to the properties of the medium and the permeating fluid (density and
viscosity). For this task, measurements of the saturated hydraulic conductivity of saltstone were
made using two different fluids: simulated groundwater equilibrated with vault concrete and
simulated saltstone pore fluid. The saturated hydraulic conductivity of the saltstone relative to
the groundwater equilibrated with vault concrete simulant was estimated by GTX to be 1.5 x 107
cm/sec (Table 4). The saturated hydraulic conductivity of the saltstone relative to the saltstone
pore fluid simulant was estimated by GTX to be 5.3 x 10° cm/sec (Table 4). The dry bulk
density of the saltstone was estimated by GTX to range from 0.95 to 1.06 g/cm® with an average
of 0.99 g/cm® (Table 5 and Table 7). The porosity was estimated by GTX to range from 0.578 to
0.613 with an average of 0.596 (Table 5 and Table 7). The saturated hydraulic conductivity and
porosity measurements as determined by GTX were comparable to those reported by Harbour et
al. (2007) and reflect the high water to cementitious material ratio of the saltstone (w/c = 0.6)
and a low degree of reaction. Whereas the saturated hydraulic conductivity and porosity
measurements on saltstone samples reported herein and by Harbour et al. (2007) are significantly
higher than previous measurements reported by Yu et al. 1993. As outlined by Phifer et al. 2006
the saturated hydraulic conductivity measurements reported by Yu et al. 1993 on saltstone
samples may have been artificially low due to use of a brine solution permeant containing nitrate
at concentrations greater than saturation values for contact with saltstone.

Page 1 of 61
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In addition, three 1.00-inch diameter by twelve inch long mold samples were submitted to the
Idaho National Laboratory (INL) to be tested for saturated hydraulic conductivity, unsaturated
hydraulic conductivity, moisture retention characteristics, dry bulk density, and porosity. INL
used both a steady state centrifugation-unsaturated flow apparatus (SSC-UFA) and a
permeameter to measure the hydraulic properties of the saltstone relative to the two simulants.
Both test methods yielded similar results. Hence, the results from the two methods were
averaged to provide the best estimate for saturated hydraulic conductivity for each sample. The
saturated hydraulic conductivity of the saltstone relative to the groundwater equilibrated with
vault concrete simulant ranged from 1.0 to 1.8 x 10® cm/sec (Table 6). The saturated hydraulic
conductivity of the saltstone relative to the saltstone pore fluid simulant ranged from 9.0 x 10°”° to
5.3 x 10® cm/sec (Table 6). The dry bulk density of the saltstone was estimated by INL to range
from 0.699 to 0.744 g/cm® (Table 8). INL did not directly measure the porosity of the saltstone.

The saturated hydraulic conductivity results from both GTX and INL were slightly greater than
measurements by Harbour et al. (2007) using a beam bending technique. Harbour et al. (2007)
estimated the saturated hydraulic conductivity (relative to water) to be on the order of 1.4 to 3.4
x 10" cm/sec. The hydraulic conductivities measured as part of this task and by Harbour et al.
(2007) are significantly higher than those previous reported by Yu et al. (1993).

The moisture retention properties of the saltstone were measured by both GTX and INL and are
presented in Table 7 and Table 8. The GTX measurements were made using pressure plate
apparatus. The INL measurements were made using a variety of methods including hanging
column (wet range), pressure plate (mid range), and chilled mirror vapor equilibrium (dry range).
These data were then analyzed to determine the van Genuchten transport parameters using the
RETC code (USDA, 1998). These parameters may be used to implicitly determine the
relationship between unsaturated hydraulic conductivity and moisture content. The results from
these analyses are presented in Table 9.

Page 2 of 61
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2.0 INTRODUCTION

The Saltstone Disposal Facility (SDF), located in the Z-Area of the Savannah River Site (SRS),
is used for the disposal of low-level radioactive salt solution. The SDF currently contains two
vaults: Vault 1 and Vault 4. Additional disposal cells are currently in the design phase. Vault 4
is approximately 200 feet wide, 600 feet in length, and 26 feet in height. Vault 4 divided into 12
cells with each cell measuring about 100 feet by 100 feet (Cook et la., 2005). Vault 1 is half the
size of Vault 4 measuring approximately 100 feet wide by 600 feet long with 6 cells. The
individual cells of the saltstone facility are filled with saltstone. Saltstone is produced by mixing
low-level radioactive salt solution, with blast furnace slag, fly ash, and cement or lime to form a
is a dense, micro-porous, monolithic, low-level radioactive waste form. The saltstone material
contains no coarse aggregate.. The saltstone is pumped into the disposal cells where it
subsequently solidifies.

Significant effort has been undertaken to accurately model the movement of water and
contaminants through the facility. Key to this effort is an accurate understanding of the
hydraulic and physical properties of the saltstone. Limited testing has been conducted to
characterize the saltstone. This characterization work indicates that intact saltstone has the
following properties: dry bulk density of 1.26 g/cm®; porosity of 42.3%; saturated intrinsic
permeability of 5.3 x 10”° darcies using a brine solution; and saturated hydraulic conductivity
relative to water of 5.19 x 10 cm/s (Yu et al., 1993). It is important to note that the
permeability/conductivity values may be biased low due to potential precipitation of the brine
solution within the saltstone samples.

Langton (1986) measured the saturated hydraulic conductivity of “Reference Saltstone” samples
containing 42.5% salt solution and 57.5% (by mass) blended cement. Langton (1986) reported
saturated hydraulic conductivity of this material to be 1.1 x 10°® cm/sec for a sample cured for 60
days. Additionally, Langton (1986) reported the results of previous hydraulic testing on
saltstone samples (made with varying amounts of salt solution) with results ranging from 3.0 x
10° cm/sec to <1.0 x 10™** cm/sec.

More recently, Harbour et al. (2007) estimated the saturated hydraulic conductivity of a MCU
saltstone using a beam bending technique. Harbour et al. (2007) estimated the hydraulic
conductivity of the saltstone to range from 1.4 to 3.4 x 10™° cm/sec, which is about three orders
of magnitude more permeable than reported by Yu et al. (1993). Furthermore, Harbour et al.
(2007) reported a porosity of 0.62 which is substantially greater than that reported by Yu et al.
(1993).

An upcoming revision to the Z-Area Saltstone Facility Performance Assessment (PA) has
provided the motivation to further investigate the hydraulic and physical properties of the
saltstone.  These properties include saturated hydraulic conductivity, moisture retention
characteristics, porosity, and bulk density. The sections that follow discuss the methods used to
test samples of the MCU saltstone and the results of the testing.

Page 3 of 61
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3.0 METHODS

The objective of this testing was to determine the saturated hydraulic conductivity, moisture
retention characteristics, dry bulk density, and porosity of samples of MCU saltstone. Two
samples of saltstone were tested to determine the hydraulic and physical properties using
standard ASTM methods (or equivalent). The saturated hydraulic conductivity of the saltstone
was measured relative to two different permeating fluids.

In addition to the standard testing, samples of the saltstone were tested using steady state
centrifugation unsaturated flow apparatus (SSC-UFA) at the Idaho National Laboratory (INL).
The goal of this testing was to determine both the saturated and unsaturated hydraulic properties
of the saltstone in addition to dry bulk density and porosity.

3.1 MCU SALTSTONE SAMPLE PREPARATION

Batches of MCU saltstone were prepared in the laboratory using cementitious materials and a
simulated salt solution. A total of three batches were made: 1) TR-229, 2) TR-230, and 3) TR-
231. Pertinent information from the laboratory notebook on the preparation of the saltstone is
contained in Appendix A. The batches were identical in composition except for the amount of
caustic side solvent extraction (CSSX) solvent added to each mix. For batches TR-229 and TR-
230, 100 microliters of CSSX solvent were added to the mix. For batch TR-231, 50 microliters
of CSSX solvent were added. The CSSX solvent consists of 0.75 M 1-(2,2,3,3-
tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2-propanol (Cs-7SB) and 0.003 M tri-n-octylamine
(TOA) in an Isopar® L diluent.

The premix (cementitious component) used in each batch was comprised of Class F fly ash
(45%), Grade 100 blast furnace slag (45%), and Type Il Portland cement (10%) with a water to
premix ratio of 0.6 (Table 1). The cementitious materials were mixed with a salt solution
representative of the liquid waste to be processed by the saltstone facility (Table 2). This MCU
baseg simulant had a water to simulant ratio of 0.68 (on a mass basis) and a density of 1.261
g/cm®,

Using a standard 3 inch diameter ASTM mold, one test cylinder was made from batch TR-229
and one test cylinder was made from batch TR-230. The mold samples were capped, sealed, and
allowed to cure in the laboratory at ambient temperature for a minimum of 28 days. One inch
diameter cylinders were also prepared using polybutyrate liners 12 inches in length. A one inch
diameter cylinder was made from batch TR-229 and TR-230 and two one-inch diameter
cylinders were made from batch TR-231. The cylinders were capped, sealed, and allowed to
cure in the laboratory at ambient temperature for a minimum of 28 days. The twenty eight day
cure date for all the test cylinders was 4/25/2006.
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3.2 HYDRAULIC AND GEOTECHNICAL TESTING

3.2.1 Testing by ASTM Methods

The MCU saltstone samples were submitted for testing per standard ASTM methods (or
equivalent) to Geotesting Express, Inc. (GTX). A total of two 3-inch diameter samples were
shipped to the lab including one from batch TR-229 (SLT003) and one from batch TR-230
(SLTO04). These samples were cured for a minimum of 28 days.

Two simulants were used to permeate the samples: simulated groundwater equilibrated with
vault concrete and simulated saltstone pore fluid. Sample SLT003 was tested for saturated
hydraulic conductivity with the equilibrated groundwater simulant.  The equilibrated
groundwater simulant was based upon groundwater analysis from well P16-B equilibrated with
the vault cement composition as described by Denham (2006). Sample SLT004 was tested for
saturated hydraulic conductivity with the simulated saltstone pore fluid. The simulated saltstone
pore fluid was developed by SRNL based on estimated saltstone pore fluid characteristics and is
similar to the MCU simulant used to batch the saltstone samples. Appendix B gives the details
of how both simulants were developed. The recipes for the simulants are provided in Table 3.
The saturated hydraulic conductivity of the saltstone was estimated relative to each simulant
following ASTM D 5084 Method E — flexible wall permeameter (Constant Volume).

GTX also measured the specific gravity (ASTM D 854), dry bulk density (ASTM C 642
equivalent), porosity (ASTM C 642 equivalent), and moisture retention properties of the
saltstone samples (ASTM D 2325). The saltstone samples were assumed to be saturated when
received by the laboratory (with excess MCU simulant from hydration). This is a valid
assumption due to the high water to cement ratio of the saltstone (0.6) and the low degree of
hydration of MCU saltstone (Harbour et al., 2007). This was confirmed by successive weight
measurements made on samples under vacuum saturation. The samples showed no significant
weight gain during saturation with either the saltstone pore fluid simulant or the groundwater
equilibrated with vault concrete simulant. Therefore, it is assumed that the dry bulk density,
porosity, and moisture retention measurements were made with the MCU simulant as the
interstitial liquid rather than the saltstone pore fluid simulant or the equilibrated groundwater
simulant.

The dry bulk density, porosity, and moisture retention measurements made by GTX were
adjusted based on the properties of the MCU simulant used to batch the saltstone samples. The
adjustment was necessary because the MCU simulant (which is the interstitial liquid) contained
salts that were precipitated during the oven drying process associated with each of these tests.
The raw laboratory results from these tests are presented in Appendices C and D. Calculations
which illustrate the adjustments made to the laboratory data are presented in Appendix E. The
results presented in the body of this report have been adjusted for salt precipitation and therefore
differ from the raw laboratory measurements presented in Appendices C and D.
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GTX determined dry bulk density dividing the oven dried weight of the sample by the measured
volume (modified ASTM C 642). The resulting values were then corrected for each sample as
illustrated in Appendix E using the following equations.

_ Psat — LPoven
Viiguia =

wil
Pdry = Psat ~ ¥liquid

Wiiquid = Unit mass of interstitial liquid in sample at saturation, glcm?®
psat = Wet density of saturated sample, g/cm?®

Poven = OVen dried density of sample, g/cm®

ywil= mass fraction of water in interstitial liquid (0.68), fraction

pary = dry bulk density, g/cm®

Porosity (¢) was calculated using the following equations. Example calculations are presented in
Appendix E.

Msat_M

Xwil

_ dry
liquid —

M

liquid

liquid —
liquid

<

¢ — Yvoids _ V“qUid

Vv V

total total

Miiquia = mass of interstitial liquid in sample at saturation, g
Msat = mass of saturated sample, g

Mary = mass of oven dried sample, g

ywil= mass fraction of water in interstitial liquid (0.68), fraction
V\ids = total volume of voids, cm®

Viiquia = vVolume of interstitial liquid in sample, cm?®

Vot = total volume of sample, cm®

piiquia =density of interstitial liquid (1.261 g/cm®), g/ cm®

¢ = porosity, fraction
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Moisture retention characteristics were determined using method ASTM D 2325 by pressure
plate apparatus. For moisture retention analysis, the saturated samples were weighed to
determine an initial weight. These samples were then subjected to increasing pressures in a
pressure plate apparatus. Between each increase in pressure, the samples were weighed.
Following the final pressure increase, the samples were weighed and then oven dried. The
following equations were then used to determine the initial moisture content (i.e. porosity) of the
samples. Example calculations are presented in Appendix E.

M liquid — pressure = M sat M pressure— final
M _ M pressure—final M dry
liquid—oven —
A wil
M liquid = M liquid — pressure + M liquid —oven
V _ M liquid
liquid —
liquid

b= Vioigs _ Viiuia

V V

total total

Miiquig-pressure = Mass of interstitial liquid removed by pressure extraction, g
Miiquid-oven = Mass of interstitial liquid removed by oven drying, g
Moressure-final = final mass of sample following pressure extraction, g
Ms,t = total mass of saturated sample, g

Miiquia = mass of interstitial liquid in sample at saturation, g

Mary = mass of oven dried sample, g

ywil= mass fraction of water in interstitial liquid (0.68), fraction
Viiqia = volume of interstitial liquid in sample, cm®

Vyoigs = total volume of voids, cm®

Vot = total volume of sample, cm®

¢ = porosity, fraction

piiquia =density of interstitial liquid (1.261 g/cm®), g/lcm®
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The following equations were used to determine the volumetric moisture content of the samples
at each pressure increment. Example calculations are presented in Appendix E.

Mg = Mg —M liquid
M sample M solid
Vliquid = ;)
liquid
0 _ Vquuid
liquid —
V

total

Ms,t = total mass of saturated sample, g

Msample = mass of sample at each pressure increment, g

Miiquia = mass of interstitial liquid in sample at saturation, g

Msoiig= corrected final dry weight of sample, g

piiquia =density of interstitial liquid (1.261 g/cm®), g/cm®

Viiquid = Volume of liquid in sample at each pressure increment, cm®

Vot = total volume of sample, cm®

Biiquia = vVolumetric moisture content of sample at each pressure increment,
fraction

3.2.2 Testing by Steady State Centrifugation-Unsaturated Flow Apparatus

A one inch diameter by twelve inch long mold sample from each of the three MCU saltstone
batches was submitted to INL for testing using a steady state centrifugation unsaturated flow
apparatus (SSC-UFA) following method ASTM D 6527 and procedures given in Methods of
Soil Analysis (Dane and Topp, 2002). INL encountered problems potting the saltstone samples
in the epoxy casts for testing in the centrifuge. Samples from batches TR229 and TR230 were
consumed in the process of developing a method to successfully cast the saltstone samples into
epoxy. After selection of a compatible ceramic epoxy, four sub-cores from batch TR231 were
successfully cast for testing in the centrifuge. A complete discussion of the methods used is
given in the project report in Appendix C (Mattson, 2006).

The SSC-UFA was used to estimate the saturated and unsaturated hydraulic conductivity of the
saltstone samples. INL also measured the moisture retention characteristics of the saltstone
samples by testing sub-cores of the samples over a range of pressures from 102 cm H,O (0.1 bar)
to approximately 57,106 cm of H,O (~56 bars). A combination of methods was used to establish
the moisture retention curve including hanging column analysis (for the wet end of the curve),
pressure plate apparatus (for the middle portion of the curve), and chilled mirror analysis (for the
dry end of the curve). See Appendix C for a complete discussion of the methods. The moisture
retention measurements were adjusted to account for salt precipitation during drying in a manner
similar to that described in Section 3.2.1. However, the sample mass at each pressure increment
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was unknown for the moisture retention data. Therefore, an adjustment was made with the
assumption that the bulk of water loss was from drying (not from extraction). The small error
associated with this assumption is acceptable since very little drainage occurred during the
moisture retention tests.

0

_ water
eliquid -
Pliquid X wil

Oiiquia = Volumetric liquid content of sample at each pressure increment
Owater = VOlumetric water content of sample at each pressure increment
piiquia =density of interstitial liquid (1.261 g/cm®), g/cm®

ywil= mass fraction of water in interstitial liquid (0.68), fraction

The dry bulk density of the saltstone was determined following the method of Dane and Topp
(2002) where the dry weight of the sample is divided by the measured volume (equivalent to
ASTM C 642). The dry bulk density measurements were adjusted to account for salt
precipitation during drying as described in Section 3.2.1. Porosity was estimated based on the
moisture retention data using the RETC code (USDA, 1998).

3.3 DETERMINATION OF VAN GENUCHTEN TRANSPORT PARAMETERS

Direct measurement of the unsaturated hydraulic conductivity of large numbers of samples of
cementitious materials is time consuming and cost prohibitive. An alternative to direct
measurement is the use of theoretical methods to predict the unsaturated hydraulic conductivity
based upon measured moisture retention data. These methods are generally based on pore-size
distribution models, and have been shown to perform reasonably well for coarse textured soils
and other porous media having relatively narrow pore-size distributions (USDA, 1998). The
applicability of these models to cementitious materials has not been fully assessed; nevertheless,
predictive models based on moisture retention data provide the most viable means of
characterizing the hydraulic properties of large numbers of samples of cementitious materials.
Therefore, this method was chosen to predict the unsaturated hydraulic conductivity of the MCU
saltstone samples based upon the measured moisture retention properties.

RETC (RETention Curve) (USDA, 1998), a U.S. Salinity Laboratory computer program
designed for analyzing the hydraulic properties of unsaturated soils, was used to fit the measured
moisture retention data for the saltstone samples. The program’s curve fitting is based on van
Genuchten’s equation for soil moisture content as a function of pressure

H(h):6r+LH'm h<0
b+ (at)']
o(h) = 6, h>0
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where &(h) is moisture content at the pressure head h, &, is residual moisture content, &, is the

saturated moisture content, h is pressure head, « is a constant related to the inverse of the air-
entry pressure, and n is a measure of the pore-size distribution. The constraint m=1-1/n was
used as suggested by van Genuchten (van Genuchten, 1980; van Genuchten et al, 1991).

The generated moisture retention curves were based on moisture retention data only; no
unsaturated hydraulic conductivity data were available for the samples. RETC’s (USDA, 1998)
van Genuchten m=1-1/n retention curve model was used to estimate curve fitting parameters

(6,,6,,a ,n) for each sample.

The curve fitting parameters (6, ,6,,a ,n) from RETC (USDA, 1998) were used to calculate the
effective saturation (or reduced water content), S,, at incremental pressure heads according to
S-S, 1

®1-5, [1+(ah)n]m

where S, denotes residual saturation. Using S,, the relative hydraulic conductivity was
calculated at incremental pressure heads using the Mualem-van Genuchten type function

m 2 . « . - .
K =SS b—(l— Se“’”) ] , Where L is an empirical pore-connectivity parameter and assumed
to be 0.5.

Saturation (S ) was calculated at various pressure heads according to

S=S, + irm
L+ (eny ]
where residual saturation, S, , is equal to &, /0, (the residual moisture content divided by the
saturated moisture content).
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4.0 RESULTS

Two three-inch diameter samples of MCU saltstone were tested to estimate hydraulic
conductivity, moisture retention characteristics, porosity, and bulk density using standard ASTM
methods (or equivalent). For saturated hydraulic conductivity, each sample was tested with a
different permeating fluid. The simulants used to permeate the samples included simulated
groundwater equilibrated with vault concrete and simulated saltstone pore fluid. Additionally,
one one-inch diameter sample of the MCU saltstone was tested using steady state centrifugation
to estimate the hydraulic properties of the material relative to the two simulants.

4.1 HYDRAULIC AND PHYSICAL PROPERTIES OF THE SALTSTONE

GTX estimated the hydraulic and physical properties of the MCU saltstone samples using ASTM
methods (or equivalent), while INL used the SSC-UFA and standard soil science methods
(Methods of Soil Analysis; Dane and Topp, 2002). The supporting detailed test reports produced
by GTX are provided in Appendix D, and the report detailing the INL results is included in
Appendix C.

4.1.1 Saltstone Hydraulic and Physical Properties as Determined by GTX

Two samples were tested by GTX to estimate the hydraulic and physical properties of the MCU
saltstone. For hydraulic conductivity, each sample was tested with a different simulant. Sample
SLTO003 was tested with a simulant intended to be representative of groundwater equilibrated
with vault concrete (Table 3). Sample SLT004 was tested with a simulant intended to be
representative of saltstone pore fluid (Table 3). The results of the testing are presented in Table
4. The saturated hydraulic conductivity of sample SLT003, which was permeated with the
groundwater simulant equilibrated with vault concrete, was estimated to be 1.5 x 10® cm/sec.
The saturated hydraulic conductivity of sample SLT004, which was permeated with the saltstone
pore fluid simulant, was estimated to be 5.3 x 10 cm/sec.

The dry bulk density of sample SLT003 was estimated to be 0.95 g/cm® and the porosity was
estimated to be 0.613 (adjusted for salt precipitation). The particle density of sample SLT003
was estimated to be 2.45 g/cm®. The dry bulk density of sample SLT004 was estimated to be
0.98 g/cm® and the porosity was estimated to be 0.600 (adjusted for salt precipitation). The
particle density of sample SLT004 was estimated to be 2.48 g/cm®. The high total porosity and
low bulk density observed for the saltstone samples may be attributed to the high water to
cementitious material ratio (w/c = 0.6) and low degree of cementitious material reaction.

The moisture retention properties of the saltstone were determined following method ASTM D
2325. The results are presented in Table 7 and are adjusted for salt precipitation as described in
Section 3.2.1. As stated earlier, the samples were considered to be saturated with the MCU
simulant used to batch the saltstone samples. GTX tested two samples, SLT003 and SLTO004, at
pressures ranging from 102 cm H,O (0.1 bars) to 15,296 cm H,0 (15 bars), Table 7. GTX tested
wafers approximately 3 inches in diameter and % inch thick from the top and bottom of each
sample using a pressure plate apparatus. The wafers taken from the top of both samples
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(SLTO03 and SLTO004) cracked during the moisture retention testing and these results were
discarded. Cracking of the top portion of the samples may be indicative of saltstone component
segregation due to settling prior to sample gelling. Moisture retention curves were prepared for
the wafers taken from the bottom of each sample, Figure 1.

4.1.2 Saltstone Hydraulic and Physical Properties as Determined by INL

Sub-samples from a one inch diameter MCU saltstone sample were tested by INL for saturated
hydraulic conductivity relative to the two simulants: the groundwater equilibrated with vault
concrete simulant and the saltstone pore fluid simulant. The results of this testing are presented
in Table 6. INL estimated the saturated hydraulic conductivity of the saltstone material using
two methods, falling head permeameter and SSC-UFA. As shown in Table 6, results from both
methods were comparable. Thus, the results from the two methods were arithmetically averaged
for each sample. INL tested two samples with the vault concrete equilibrated groundwater
simulant. The saturated hydraulic conductivity of these two samples relative to the simulant was
estimated to be 9.0 x 10° cm/sec and 1.9 x 10® cm/sec. INL tested two samples with the
saltstone pore fluid simulant. The saturated hydraulic conductivity of these two samples relative
to the simulant was estimated to be 1.0 x 10°® cm/sec and 1.8 x 10® cm/sec. The dry bulk density
of the saltstone samples tested by INL was estimated to range from 0.699 and 0.744 g/cm?, with
an arithmetic average of 0.725 g/cm® (adjusted for salt precipitation).

Several samples were analyzed using SCC-UFA to determine the unsaturated properties of the
saltstone. However, INL was unable to directly measure the unsaturated hydraulic conductivity
using the UFA due to the fine texture of the saltstone. This is discussed in detail in the INL
report contained in Attachment C.

INL measured the moisture retention characteristics of the saltstone samples by testing sub-cores
of the saltstone over a range of pressures from 0 to approximately 56,086 cm of H,O (~55 bars).
A combination of methods was used to establish the moisture retention curve including hanging
column analysis (for the wet end of the curve), pressure plate apparatus (for the middle portion
of the curve), and chilled mirror analysis (for the dry end of the curve). The results from the
moisture retention testing are given in Table 8 (adjusted for salt precipitation). Moisture
retention curves were prepared for each sample and are shown in Figure 1 in combination with
the moisture retention curves as measured by GTX.

In general, the saturated hydraulic conductivity values reported by both INL and GTX were
comparable for the two test fluids. However, the dry bulk density measurements reported by
INL were substantially lower than those reported by GTX. Additionally, the volumetric liquid
content values for the INL samples were substantially greater than those reported by GTX, which
is consistent with the lower dry bulk density values. These results may be an artifact of the
smaller diameter sample size used for the INL testing. This combined with the previously
reported cracking of the top portion of the GTX samples used for moisture retention testing,
indicates that the geometry of the sample molds may influence both the formation of bleed water
and saltstone component segregation prior to gelling of the sample. The formation of bleed water
and component segregation may be inhibited in samples prepared in long, small diameter molds.
This in turn could impact the measured bulk density.
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4.2 ANALYSIS OF MOISTURE RETENTION CHARACTERISTICS

The measured moisture retention data for the MCU saltstone mix as determined by GTX
(following a 28 day curing period) were analyzed using the RETC code (USDA, 1998) to
determine the van Genuchten transport parameters and the relative hydraulic conductivity
function. The standard Mualem relationship between n and m (i.e., m = 1 — 1/n) was used. A
separate RETC analysis was performed on each data set. All moisture retention values were
given a weight of 1. The characteristic curves are presented in Figure 2 and Figure 3. The
transport parameters are given in Table 9. A reasonable fit of the data for SLTO03B was
obtained by fixing the residual moisture content to a value of 0.55 while allowing RETC to fit all
other parameters (except m). For sample SLT004B, all parameters were fitted (except m).
Additionally, the moisture retention data for SLTO03B and SLT004B were averaged to produce
an average characteristic curve. For this analysis, the residual moisture content was set to a
value of 0.55 while allowing RETC to fit all other parameters (except m). A good fit of the data
was obtained as shown in Figure 4.

RETC was also used to analyze the moisture retention data measured by INL. The data from
both INL samples were combined for the RETC analysis. A poor fit of the data was obtained
from RETC (r’=0.57). The fit produced by RETC was used as a starting point in a visual curve
matching procedure where the curve fitting parameters o and n were adjusted while fixing 0
(0.70) and O, (0.55). The results of the visual curve match to the INL data are presented Figure 5
and Table 9. The INL samples had a higher saturated moisture content (0.7) and a higher
residual moisture content (0.55) than was determined with the GTX data. Also, more drainage
was observed for the same applied pressure for the INL samples compared to the samples tested
by GTX. This is expressed in a larger value for the curve fitting parameter o, which is the
inverse of the air entry pressure (compared to the average case for the GTX data). As expected,
the curve fitting parameter n was similar for the INL analysis and the analysis of the average
GTX data indicating similar pore size distributions for the tested samples.
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5.0 SUMMARY

The primary focus of this task was to determine the hydraulic and physical properties of MCU
saltstone. Saturated hydraulic conductivity was determined relative to two permeating fluids.
These fluids included simulated groundwater equilibrated with vault concrete and simulated
saltstone pore fluid. Samples of the saltstone were prepared by SRNL and allowed to cure for
twenty eight days prior to testing. These samples included two, three inch diameter mold
samples and three, one inch diameter mold samples.

The three inch diameter mold samples were submitted to an offsite laboratory for hydraulic and
physical property testing following a minimum 28 day curing period. These services were
provided by Geotesting Express, Inc. (GTX) per ASTM specifications (or equivalent).
Properties measured included saturated hydraulic conductivity, moisture retention characteristics,
dry bulk density, and porosity. Saturated hydraulic conductivity was measured relative to the
two aforementioned simulants. The saturated hydraulic conductivity of the saltstone relative to
the groundwater equilibrated with vault concrete simulant was estimated by GTX to be 1.5 x 10°®
cm/sec (Table 4). The saturated hydraulic conductivity of the saltstone relative to the saltstone
pore fluid simulant was estimated by GTX to be 5.3 x 10° cm/sec (Table 4). The dry bulk
density of the saltstone was estimated to range from 0.95 to 1.06 g/cm® with an average of 0.99
glcm® (Table 5 and Table 7). The porosity was estimated to range from 0.578 to 0.613 with an
average of 0.596 (Table 5 and Table 7). The moisture retention data as measured by GTX are
presented in Table 7.

Three, 1.0 inch diameter by 12 inch long cylindrical samples were submitted to the Idaho
National Laboratory (INL) to be tested for hydraulic conductivity, moisture retention
characteristics, dry bulk density, and porosity. INL used SSC-UFA and a falling head
permeameter to measure the hydraulic properties of the saltstone relative to the two simulants.
The saturated hydraulic conductivity of the saltstone relative to the groundwater equilibrated
with vault concrete simulant ranged from 1.0 to 1.8 x 10°® cm/sec (Table 6). The saturated
hydraulic conductivity of the saltstone relative to the saltstone pore fluid simulant ranged from
9.0 x 10 to 1.9 x 10°® cm/sec (Table 6). The dry bulk density of the saltstone was estimated to
range from 0.699 to 0.744 g/cm® (Table 8) with an average of 0.725 g/cm®. The moisture
retention data as measured by INL are presented in Table 8. Based on the RETC analysis of the
moisture retention data, the porosity of the samples tested by INL was about 0.70.

INL attempted to determine the unsaturated properties of the saltstone using SSC-UFA.
However, they were unable to directly measure the unsaturated hydraulic conductivity of the
saltstone samples using the UFA due to the fine texture of the saltstone.

Harbour et al. 2007 reported an MCU saltstone dry bulk density and porosity of 0.99 g/cm® and
0.62, respectively. The MCU saltstone average dry bulk density and average porosity of 0.99
g/cm® and 0.596, respectively, reported herein for the 3-inch diameter samples tested by GTX
compare very well with the results from Harbour et al. 2007. However the average dry bulk
density and porosity of 0.725 g/cm® and 0.70, respectively, reported herein for the 1-inch
diameter samples tested by INL do not compare well with the Harbour et al. 2007 and GTX data
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reported herein. Due to the good agreement between the Harbour et al. 2007 and GTX data
reported herein and the lack of agreement with the INL data reported herein and the previously
stated concerns associated with MCU saltstone sample preparation within the 1.0 inch diameter
by 12 inch long polybutyrate liners, it is recommended that only the GTX produced average
MCU saltstone data reported herein be utilized (Table 10). Additionally it is recommended that
consideration be given to the impact of sample mold geometry on the formation of bleed water
and component segregation prior to gelling of the sample. Laboratory samples should be
prepared in a way that is as representative of field pour conditions as possible.
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Figure 1. Combined moisture retention curves for MCU saltstone samples (GTX and INL
analyses).

1.0e+10 le+0
1.0e+9 - | 1e-
® Moisture Retention Data led
1.0e+8 - Potential
——- Relative Permeability b le-2
c 1.0e+7 A E
5 - le-3 =
< 10e+6 - 3
8 - le-4 g
i 7}
i 1.0e+5 g
o in le-5 [
T 1.0e+d - ® =
(]
=t 1 ©
D1 0e+3 of €6 ©
.Oe+ o x
1.0e+2 A of 1e7
|
1.0e+l A : - 1e-8
1.0e+0 T T T T T ! le-9
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Saturation

Figure 2. Characteristic curves for MCU saltstone sample SLTO03B.
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Figure 3. Characteristic curves for MCU saltstone sample SLT004B.
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Figure 4. Average characteristic curves for MCU saltstone (SLT003B and SLT004B).
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Figure 5. Characteristic curves for MCU saltstone samples as determined by INL.
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Premix Blend
Ingredient (Wt%o)
Portland Cement (type I1) 0.10
Fly Ash (class F) 0.45
Blast Furnace Slag (grade 100) 0.45

A water to premix ratio of 0.6 was used for each batch.

Table 2. Recipe for MCU Simulant used to Prepare MCU Saltstone Samples.

Molarity Mass
Ingredient (Moles/Liter) | (g/Liter H,0)

Sodium Hydroxide, NaOH (50 % by weight) 1.59 127.50
Sodium Nitrate, NaNO3 3.16 268.48
Sodium Nitrite, NaNO, 0.37 25.39
Sodium Carbonate, Na,CO; 0.18 18.65
Sodium Sulfate. Na,SO, 0.06 8.37
Aluminum Nitrate Nonahydrate, AI(NOs); (9 H,0) 0.05 20.33
Trisodium Phosphate Dodecahydrate, Na;PO, (12 H,0) 0.01 4.40

Table 3. Recipe for Simulated Saltstone Pore Fluid and Simulated Groundwater Equilibrated

with Vault Concrete.

Equilibrated

Saltstone Pore Groundwater
Ingredient Fluid Simulant Simulant*®
Deionized water 1000 g 1000 g
Sodium Nitrate, NaNO3 272.0¢g NA
Sodium Chloride, NaCl 53.1¢ NA
Sodium Hydroxide, NaOH 24.0¢ NA
Calcium Hydroxide, Ca(OH), NA 15¢g

"Weigh out salts. Combine with 1000g water. Mixing of the solution should be done under a nitrogen (or other
CO2-free) atmosphere. The solution should be stored in a tightly capped bottle with a minimum of head space.
“Groundwater simulant is representative of groundwater equilibrated with concrete.

*Titrate with either NaOH or HCI to achieve a pH of 12.4. Prepare and store the solution in the absence of CO,.

Page 21 of 61



Table 4. Hydraulic Properties of MCU Saltstone as Measured by GTX (28 day minimum curing
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period).
Permeating | Saturated Hydraulic
Sample Id | Sample Type Solution® Conductivity (cm/s)
SLTO003 3" Mold Ca(OH), 1.5E-08
SLT004 3" Mold NaOH 5.3E-09

Two permeating solutions were used: groundwater equilibrated with vault concrete (Ca(OH),) and simulated

saltstone pore fluid (NaOH).

Table 5. Physical Properties of MCU Saltstone as Measured by GTX (28 day minimum curing

period).
Particle Dry Bulk
Sample Density Density
Sample Id Type (g/cm?) (glem®)! Porosity?
SLT003 3" Mold 2.45 0.95 0.613
SLT004 3" Mold 2.48 0.98 0.600

'Dry bulk density corrected for salt precipitation as described in Section 3.2.1.
“porosity corrected for salt precipitation as described in Section 3.2.1.
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Table 6. Hydraulic Properties of MCU Saltstone as Measured by INL (28 day minimum curing
period).

Permeameter UFA
Saturated Centrifuge Average
Hydraulic Hydraulic Hydraulic
Sample | Permeating | Conductivity? | Conductivity | Conductivity
Sample Id | Type Solution* (cm/s) (cm/s) (cm/s)?
SLT231-A Mlold NaOH 6.0E-09 3.0E-08 1.8E-08
SLT231-C Mlold NaOH 1.0E-08 1.0E-08 1.0E-08
SLT231-D Mlol | caom), 3.0E-08 8.0E-09 1.9E-08
17 4
SLT231-E Mold Ca(OH), 9.0E-09 - 9.0E-09

Two permeating solutions were used: simulated saltstone pore fluid (NaOH) and groundwater equilibrated with
vault concrete (Ca(OH),)

*The saturated hydraulic conductivity of the potted samples was estimated using a falling head method with 2 meters
of head.

*Average of Permeameter and UFA hydraulic conductivity.

*Test invalid due to a leaky o-ring seal.
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Table 7. Moisture Retention Data for MCU Saltstone (28 day minimum curing period).
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Potential
(cm)
0 -101.97 -509.87 -1,019.74 -5,098.72 -10,197.44 -15,296.16
(0.00 bars) (-0.10 (-0.50 (-1.0 bars) (-5.0 bars) (-10.0 bars) | (-15.0 bars)
bars) bars)
Bulk
Sample Density? Volumetric Moisture Content*
Id Location® | (g/cm3) (cm3/cm3)
SLT003 Bottom 0.97 0.592 0.586 0.585 0.585 0.585 0.583 0.579
SLT004 Bottom 1.06 0.578 0.577 0.576 0.575 0.574 0.574 0.572

'Samples from the top of both SLT003 and STL004 fractured at 0.5 bar or less applied pressure.

*Dry bulk density and volumetric moisture content corrected as described in Section 3.2.1.

Table 8. Moisture Retention Properties of the MCU Saltstone as measured by INL (28 day minimum curing period).

Simulated Saltstone Pore Fluid Samples

Groundwater Equilibrated with Vault Concrete Samples

Volumetric Average Volumetric Average
Potential Moisture Content* Bulk Density* Potential Moisture Content Bulk Density*
Method (cm) (cm*/cm®) (glem®) (cm) (cm3/cm®) (glcm®)
Hanging Column? 101.97 0.698 0.699 101.97 0.697 0.724
Pressure Plate? 1121.72 0.687 0.734 1121.72 0.683 0.744
Pressure Plate? 5098.72 0.667 - 5098.72 0.667 -
Pressure Plate? 10197.44 0.667 - 10197.44 0.667 -
Pressure Plate® 15296.16 0.663 - 15296.16 0.666 -
Chilled Mirror® 56085.94 0.653 - 57105.68 0.641 -

'Dry bulk density and volumetric moisture content corrected as described in Section 3.2.1 and 3.2.2.
2Sample 1 inch in diameter by 0.8 cm long.
*Sample consisted of 3 mm diameter grains.
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Table 9. Van Genuchten Transport Parameters'.
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es er o
Analysis (cm’/cm™®) (cm’/cm™®) (1/cm) n m r?
SLTO03B 0.585 0.550 0.00005 2.86748 0.33333 0.98
SLT004B 0.578 0.492 0.00846 1.01189 0.01175 0.91
Average2 0.581 0.550 0.00004 1.74923 0.42832 0.97
INL3 0.700 0.550 0.00070 1.12000 0.10714 NA

'Data analyzed using Mualem relationship between n and m where m = 1 — 1/n.
“Moisture retention data from SLT003B and SLT004B averaged for this analysis.
INL samples. Modified analysis where output from RETC was adjusted using visual curve matching procedure to

obtain better fit of moisture retention data.

Table 10. Recommended MCU Saltstone Hydraulic Parameter Values Based upon this Study

Van Genuchten

Saturated
Hydraulic Transport
Conductivity * Particle Density * | Dry Bulk Density Parameters
(cm/s) (g/cm’) ? (glem®) Porosity *
1.0E-08 245 0.99 0596 See Average from
Table 9

! Average saturated hydraulic conductivity from Table 4
2 Average dry bulk density from Tables 5 and 7

% Average porosity from Tables 5 and 7

* Calculated: Particle density = dry bulk density / (1 — porosity)
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APPENDIX A. LABORATORY NOTEBOOK PAGES FROM MCU
SALTSTONE SAMPLE PREPARATION
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APPENDIX B. RECIPES FOR SALTSTONE PORE FLUID AND
GROUNDWATER EQUILIBRATED WITH CONCRETE
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Recipe for Saltstone Pore Fluid

Miles Denham/SRMNL/Srs To Mark Phifer/SRNLSrs@ Srs, Kenneth Dixon'SRNLSrsi@ers
05162008 02:22 P oo
bee

Subject Recipe for Saktstone Porswater

Into 1 Iiter of DI water add:

24.0 gramz MaOH

53.1 grams MaCl

2720 gramz NaMO3

Adyust pH to 13.8 using either MaOH or HNO3.

If at &l possible, mixing of the zolution should be done under a nitrogen (or other COZ-free) atmosphere.
The solution will dissohee a lot of CO2 that will lower the pH. More impartantly. if thers is carbonate in the
zolution it can react with calcium hydrooade in the cement and cause precipitation of calcite.

The solution should be stored in a tighthy capped bottle with & minimum of head space.
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Recipe for Groundwater Equilibrated With Concrete

Miles Denham/ SRNL/Srs To Mark Phifer/SRNLSrs@Srs, Kenneth Dizon/SRMLISrs@srs
00712006 10:35 AM [+ +]
bec

Subect Res 1993 Permeant Vs Current Recommended P'E"neanl_j

Mark and Ken,

| have compared the two brine recipes for the Saltstone expeniments. The 1993 permeant is more
concentrated than the recipe | provided. It 1s zaturated with MalNO3, so small changes in chemistry
induced by contacting the zaltstone minerals could cause significant precipitation. For example, f 1% of
the water was lost from this solution to mineral hydration, up to 29 em3 of NaNO3 could precipitate per
liter. The recipe | provided sarlier viglds a brine that i= saturated with portlandnte (Ca{0H)Z), but small
chemical changes will not cause significant precipitation because the calcium concentration is so low. Far
example, loss of 1% of the water in the solution would resultin up to 0.0032 em3 of ponlandite
precipitaton.

| also equilibrated a groundwater composition with the vault cement composition reportad in
WESRC-TR-2006-00035 (my previous saltstone report). | used a groundwater analysis for well P-15E from
Strom and Kaback (1992) and assumed that it was initally st equilibriom with atrosphenc CO2, but was
isolated from the atmosphere during reaction with the cement. If the reaction were open to atmosphere all
af the cement would become completely carbonzated during the reaction and large amournts of calcite
would precipitate. The equilibrated composition is:

pH 12.4

Ca 0.016
Ma 3.0e-5
504  48e5
Cl 6.8e-5

Thus, it is eszentially a calzium hydrosde solution. CO2 is a problem with these expenments. Ideally, they
would be done in a CO2-free atmosphere. This is unlikely to be the case. so there is 2 possibility of caloite
precipitaton during the experiments that could affect permeability. However, this might simulate realty
better than the case where there is no interaction of the fluid with cement phases. It would be very cocl f
they could do an experiment with this fluid and cne with a nonpolar water inscluble organic liquid. Then,
we would have 2 permezbility of 2 solution that i= representative of what will actuzlly occurand 2
permeability of a fluid in which we know there is no precipitation or dissclution.

Aryway the recipe for the above solution is:

1.5 grams CTa{COH)2 in 1 kilogram of water. Titrate with either NaOH or HC to achieve a pH of 12.4.

Thi= should all be done taking care to minimize the exposure of the solution to air. A tiny amount of caleite
may preciprtate (the calculatons suggest about 1 mg). Much more will precipitate if the solution reacts
with air. In addition, the pH will go down. Hence the need to prepare the solution and store it in the
absence of CO2.

We may want to talk about it prior 1o the expenments.

Miles

Mark Phifer'SRNLSrs

Mark Phifer/SRMNL Srs
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APPENDIX C. INL REPORT ON TESTING OF MCU SALTSTONE
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Oetober 9, 2006 CCN 207262

Kenneth L, Dixon

Savannah River Mational Laboratory
Building 773424

Adken, SC 29808

SUBIJECT:  Data Report for Savannah River Site - Saltstone cores (INL/MIS-06-11865)
Dear Kenneth;

Scope

Provide testing and consulting services [or salistone samples.

Imtroduction

Three salistone cores identified as 229, 230 and 231 were received for hydraulic analyses from the
Savannah River Site (SRS). The cores were casts of saltstone material that was cured in polybutyrate
plastic tubes. The bes had dimensions of approximately 2.5 em diameter by <30 em long, All cores
were received in good shape with no visual Fracturing or significant drving noted wpon receipt,
Requested analysis included dry bulk density, porosity, moisture retention charactenistics, saturated and
unsaturated hydraulic conductivity measurements, and “van Genuchlen™ parameters, To expedite the
analyses, separate sub-cores were used to complete the analyses.

Two testing solulions were used for the bydraullc analyvses. The Tirst solution ollowed a reclpe o
simulate saltstone porewater. This solution consisted of!

240 g MNaOH

53.1 g NaCl

2720 g NaNO,

I | nanopure HaD
The pH was verified and the solution was stored in @ volumetric flask with a glass stopper, and sealed
with o parafilm wrap. In this reportt, this solution s referred to as the NaOH solution.

Thie second solution was a mixture to simulate groundwater in equilibrium with the vault cement
composition. The recipe for this solution was:
1.5 g Ca(OH ) muix in | kg nanopure water,

PO. Box 1625 = 2525 North Fremonl Ave, = Idaha Falls, ldahs 83415 = 208-526-0111 » www.inl.gov
Battalle Enargy Alllance, LLC
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Oetober @, 2006
CCIN 207262
Pags 2

The pH was verified and this solution was also stored in velumetric flask with a glass stopper to
mninuze head space and sealed with parafilm wrap during storage. In this report. this solution is
referred to as the CaiOH): solution.

Sample Preparation

From the 30 cm long saltstone cores, sub-cores were cut using a masonry saw. The first set of sub-cores
was used for permeability analysis using both the standard falling head and the centrifuge metheds. The
second set of sub-cores was used to determune the molsture characteristics (plus bulk density and
porosity) of the saltstone material. Due to the unigque chemical and physical nature of the saltstone, a
munber of problems developed during sample preparation and testing resulting in mumerons
medifications to the standard sample preparation procedurs.

Sub-cores used in the permeability analysis required potting these samples in an epoxy mixture to
establizh a no flow boundary along the length of the sub-core and provide a uniform outer diameter for
hydraulic conductivity testing (Figure 1). In general, the length of the permeability sub-core was
mtially cut to 6 cmoin length to facilitate potting the core in our UFA mold. The corss wers centered in
the 3.3 cm diameter Teflon mold, and filled with a twe part epoxy molding compound. After cuning
{~24 to 48 hours), the mold was split open to extract the potted cement material. The ends of the potted
material were then trinumed to a length appropriate for the UFA nsing @ masonry saw (~ 5 cm in length).

Four attempts to pot these saltstone cores were made to rectify physical and chennical problems. During
our first attempt to pot the sub-core samples, we left the plastic slesve on the sub-cores then after a light
sanding of the exterior of the plastic, potted the whole assembly (le. the core and the plastic sleeve)
the mold. During the vacuum saturation of these sub-cores gas bubbles were observed between the
plastic sleeve and the saltstone indicating that the saltstone material did not make a tight seal with the
plastic liner material after it was cured. To rectify this problem, during sur second attempt, we removed
the plastic liner from the salt stone material and attempted to pot the saltstone directly to the epoxy. We
had questionable success nsing this technigque with the saltstone samples. After the epoxy cured, we
noted a potential chemical reaction had take place between the moist saltstone and the epoxy. Saltstone
porewater 15 believed to be at a pH of about 134, Our typical potting epeoxy contains ahmaimm and we
belisve that the NaOH in the saltstone porewater reacted with the alumimunm in the epoxy as the epoxy
was sefting. In some areas next to the saltsone, the epoxy did not appear to set to the same consistency
as 15 typically noted. We discuss munerous epoxy chemustry’s with epoxy manufactures and orderad a
new potting compound the contained ceramic instead of the alumimum in the formmla. The ceramic
epoxy 15 & “paimntable” epoxy and is typically used to protect metals from comrosive hiquids. For our third
attempt, we first removed the plastic sleeve from the saltstone, then coated the core with the ceramic
epoxy, let dry and then potted the coated saltstone core with the alumimum epoxy. The initial chemieal
compatibility coating of the saltstone with the ceramic epoxy appeared to be an appropriate solution for
potting the saltstone. Although the third attempt was successful, the last pair of cores was simply potted
i our mold solely using ceramic epoxy. The ceramic epoxy is typieally not used as a casting compound
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but, in our case, the volume of ceranmc epoxy required for each mold was small enough such that heat
generation was 1ot an 1ssue.

Potting the sub-cores into epoxy was not
necessary for dry bulk density, porosity and
moistre charactenstic measurements. These sub-
cores were also cut from the 30 cm saltstone
samples and we mitially retained the plastic sleeve
cn the outside of the sub-cores. Duning testing,
we removed these sleeves after poor binding of
the saltstone material to the plastic sleeve material
was noted as described above. Sample lengths
were approximately 1 cm height. To expedite

testing, separate sub-cores were nsed fo determime Figure 1. Saltstone potted in epoxy casts
various portions of the meisture retention curve. fn:penneahilitv analysiz. Grey iz the

o aluminum based epoxy and the red is the
Due to a limited amount of sample that was ceramic based epoxy.

mitially shipped and to the physical and
geochemical compatibality problems of potting the
saltstone, there was not sufficient sample material to perform all analysts on a single sample. Moisture
charactenistics characterization was performed on sample numbers” 229 and 230, where as hydraulic
analysis was performed on sample number 231.

The alkaline solutions prepared are subject to pH changes with exposure to air. Care was taken to
nunimize contact of both the solutions and the samples that were permeated with these solutions with
the open atmosphere. Some exposure to air was unavoidable when measuring weights and transferring
samples between testing apparams. While the saltstone samples were in testing apparatus, CO: traps
were employed. The CO: traps consisted of a concentrated NaOH solution either as bubble maps or in
containers with high surface area. Permeameter testing used bubble traps (sinmlar to a Marriott bottle)
connected to the permeameter standpipes to strip any CO0. from entering the head space of the standpipe.
Bubble waps were not appropriate for the vacunm saturation. hanging cohmm. and pressure plate
equipment. During these tests, we placed shallow pans of NaOH on top of the samples (similar to
systems used to look at long-term respiration of soil) in an attempt to mimmize atmospheric CCh
mteraction with the samples.

Methods

Dy bulk density 13 expressed as the mass per unit volume of matenial. Procedures followed those
described in Mathod of Seil Analysis where the total volume of & porous material is measured, then
dried in an oven at 105 degrees C to determine the dry porons material mass. For the saltstone sub-
cores, the diameter and length of each sub-core was measured with a caliper to detenuine its volume.
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The sub-cores were dried in an oven for at least 24 to 48 hours to a constant weight Dividing the mass
by 1ts volume gives its bulk density. Sub-core samples from the hanging column and the pressure plate
analyses were used to calenlate an average bulk density.

Vacuum sanuration was performed following procedures described by Flint and Flint (Method of Soil
Analysis, chapter 2.3, pg 233). No pre-flushing with CO, was performed. A plastic desiccant chamber
was used at the vacuum chamber and the twe alkaline solutions were nzed as permeate fluids. Vacuum
saturation lasted approximately 6 days.

Saturated water porosify can be determuined by either directly or can be calculated as a fitting parameter
from the van Genuchten analysis of the moisture retention data. Typically. the weight of the samples
mmmediately at the tennination of the falling head methed was used to calculate the saturated water
porosity. For the saltstone samples, determination of the saturated water porosity was not consistent
with the moisture characteristic analyses and therefore not used. See discussion of potential 155ues in the
result section. For these analyses, we will use the fitted saturated hydraulic conductivity value from the
van Genuchten analyzes.

Saturated hydraulic conductivify measurements were preformed on
the potted sub-cores after vacuum saturation. After vacmun
saturation, the sub-cores were analyzed using the falling head method
outlined i ASTM DE§327 and theose described by Reynolds and Elnck
i Methods of Soil Analysiz. Chapter 3.4.2.3 and nzed the two
solutions requested by SEINL persennel. Due to the low conductivity
of the sub-cores these tests were mm over a period of 10 to 20 days.

Saturated hydraulic conductivities were also determined using the
falling head method m the UFA followmg the methods of Wimmo
etal; MOSA pg 903). This testing is similar to those descnibed in the
previons paragraph but increases the fluid dnving foree through the
sample nsing the centrifuge. These tests were conducted to confimm
the standard falling head results as well as to provide guidance on
setting the flow rate dunng UFA wnsaturated permeability testing.

Figure 2. INL's UFA
cenmifiage and prumps.

Unsaturated hydraulic conductivity testing was performed m the Unsaturated Flow Apparams (UFA)
medel J-6 (Figure 2). Ninmmo discusses the steady state centrifuge method in Methods of Seil Analysis,
Chapter 3.6.1.1.b and methods generally followed those outlined m ASTM D6337. A maximum of two
sub-cores are able to be analyzed at a single time due to the design of the fluid rotary jont. A dispersion
cap was placed on each potted samples and screwed mto the UFA sampler holders. A pre-weighed
effluent cup was attached to collect effluent m flight. The samples were spun at 300 to 3000 BPM m the
UFA cenmifuge at a flux rate (ml'hr) approximately ¥: of that measured saturated hydraulic conductivity
for each saltstone sample. Flux was supplied to the top of the samples using Orion syringe pumps.
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Muisture retention characteristics measurements describe a porous media pore size distribution through
relating the ameount of water retained by a porous media at known matric potentials. The data for the
saltstone sub-cores were carried out by 3 separate methods.

To obtamn data near saturation, we used the hanging column apparatus. Saturated samples were placed
m contact with a highly perous ceramic plate that 13 connected to a water colunn and reservoir where
the water surface is beneath the sample. (see MOSA pg 146). The distance between the water surface
and the sample is the impoesed suction on the sample (1.2, the mamic potential). A series step consisting
of lowering the level of the reservoir and measuring the equilibriom weight of the sample are conductad.

For the mid-matric potentials, we used the pressure plate method (Method of Sedl Analysis, 2002,
chapter 3.3.2.4) i a Soil Moisture 15 bar pressure plate extractor (model 1500). Saltstone sample
weights were recorded on small ~1 cm high sub-cores at 0.4, 1.1, 5, 10 and 13 bars of pressure.
Moisture contents were caleulated from the oven dried weights measured at the end of the test.

Moisture contents at higher soil water potentials (~35 bars) were measured nsing the chilled mirrer
methed (Method of Soil Analysis, 2002, chapter 3.3.2.9.1) using the WP4 meter. Samples from the
pressure plate method were used for these analyses. After the completion of the 15 bar pressure plate
measurements, the samples were placed in the WP4 sample chamber an allowed to evaporate until thers
15 equilibrium between the sample umidity and the matric potential of the saltstone. The humudity 1s
then measured nsing the WP4 chilled miror hunudity sensor to determine the equivalent matric
potential and the sample 1s weighted to determune 1ts comresponding moisture content. The temperature
of the WP4 mirror 15 controlled by a thermoelectmic (Peltier) cooler. Detection of the exact point at
which condensation first appears on the mirrer is cbserved with a phetoeleciric beam.

Hydraulic transport parameters (van Genuchten parameters alpha, n and saturated moisture content)
were fitted to the meisture retention data. Data was analyzed using the BETC fitting program.
Saturated moisture content was allowed to be fitted parameters.

Results and Discussion

Despite the sample preparation 1ssues, the results appear to be reasonable and generally consistent with
one another. The following tables and paragraph list the measurement results and provide a general
discussion of the results.

Bulk Density

The dry bulk densitiss ranged from 1.03 to 1.06 g em® The sample geometries were small and not

perfectly round or cut perfectly parallel, resulting in sowme uncertainty of the velume calculation for bulk
density analysis but it 1s not believe to be sigmficant. The bulk densities for the hanging column are
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shightly less {~ by 2%) than those calculated from the pressure plate analyses. This end may be dus to
the location of the sub-cores that were extracted from the 30 cm samples. The average bulk density for
all sub-cores iz 1.048 g em™ (63.4 Ihs ££7).

Apparatus Permeation Average bulk
Solution density (g em™)

Hangmg NaOH 1.047

Column

Hanging Ca(OH): 1.033

Columm

Pressure Plate | NaQH 1.058

Pressure Plate | Ca(OH), 1.051

Ave=1.048

Saturared Moisrure Content

Saturated moisture contents were not calculated due to biases imposed by the retaining the pelybutyrate
plastic liner on the sample during saturation testing. Visual and physical mmspection did not reveal any
1z3ues with the plastic liners prior to testing. However, during vacuum saturation and hanging column
analysis, air and sclutions were noted to flow preferentially between the saltstone and plastic liner.
Analysis of the saturated motsture content indicated a bias m the data (high at ~ 63 — 70%) when the
samples were analyzed with the plastic liner still attached. Either the plastic walls are too smooth and
prevented the saltstone of making a good physical contact with the pelybutyrate plastic or there was a
shght amount of shrinkage of the saltstone material during curing. To avold confiision, moisture content
data from samples with the plastic liner still attached are not reported in this letter report. The fitted
saturated moisture content from the van Genuchten analyses is 0.60.

Mpoisture Retention Dara

Both the saltstone sub-cores permeated with the NaOH and the Ca(OH); extubited sinular moisture
charactenistics suggesting that the permeatng selution did not make any sigmficant alterations to the
saltstone pere structurs.

NaOH permeate solution Ca(OH): permeats solution
Methed %Matmic Potential | Motsture Content | Matric Potential | Moisture Content

{bars) fem’ em™) {hars) (em’ em™)
Hangng
Column 0.1 0599 0.1 0598
Pressure Plate 1.1 0380 11 0386
Pressure Plate 3 572 3 572
Pressure Plate 10 572 10 572
Pressure Plate 13 0569 13 057
Challed Muror 55 0_5a0 56 0550
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Data at 0 cm (Le. saturated meisture content), 3%cm. and 0.6 bar matric potential measurements were not
mecluded in the report data since these samples contamed the cuter plastic sleeve. The weights of these
samples were abnormally high (even accounting for the weight of the plastic) and 15 believed to be due
to preferential solution imbibition aleng the sleeve and the saltstone.

See the van Genuchten analysis (Figure 4) for an illustration of the data as a function of moisture content
and matric potential.

Hydraulic Conductivity

Saturated hydraulic condnetivity values ranged from the 6x10° to 3x10% em =, with an average
conductivity of 1.3x10° cm s In general there was no significant differences between the
conductivities of the NaOH and the Ca(OH): permeate solutions.

Method Sample ID | Permeate Solution | Ksat (cms™)
Standard Falling Head 231-A NaOH aE-(9
Centrifuge Falling Head |231-A Na0H JE-08*
Standard Falling Head 231-C NaOH 1E-08
Centrifuge Falling Head | 231-C MNa0H 1E-08*
Standard Falling Head 231-D Ca(OH) JE-08
Centrifuge Falling Head [231-D Ca(0H): EE-09
Standard Falling Head 231-E Ca(0H): 9E-09
Centrifuge Falling Head | 231-E Ca(OH), JE-g7**
notes:
* Ounly one measurement
**Likely a leaky o-ning seal (excluded from the average cale.)

Average =1 3E-08

The results of the two different methods (standard falling head and centrifuge falling head) are fairly
close suggesting that either methed 1s appropriate for the saltstone analyses. The centrifuge method i3
mmch quicker and may be the best method for fature analyses.

Gas generation was noted during the hydranlic measurements. The gas generation was most notable for
WaOH selution with limited gas generation observed when using the Ca{OH): selution. During the
standard falling head tests, the gas collected in the %% inch clear tygon tubing and was purged prior to
determime the flux of solution entering the sample. A small amount of error in the head measurements
would be mroduced due the gas collection but should result n less than a 1% emor in the hydraulic
conductivity measurement. During the UFA saturated hydraulic conductivity analyses, only one data set
had low enough gas generation to be acceptable for analysis. At the end of the other attempts, gas
bubbles were noted in the mlet lines.
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Unsaturated hydraulic testing of the saltstone proved to be difficult. An assumption of the unsaturated
conductivity analysis using the centrifinge method 15 that the centrifugal dnving force 13 much greater
that the matric potential gradient. Darey’s Law takes the following form when one replaces the gravity
force with a centmifugal force:

g = -f;_w[% - p_mzr] M
when
dy = p @'r (2)
dr
Darcy’s Law reduces to:
1=K, (p,0%) (3)

The finer the texturs of the media (1.2, the finer the poresize) the higher speed the centrifnge must be
spun to ensure that the cenmrifugal driving force 1= greater than the matric potential gradient. Saltstone
has a very fine poresize (as indicated i by the little selution drainage as the matmic potential increases)
suggesting that the faster the centrifige is spun the better Equation 2 will be satisfied. Equation 3 15
only valid if Equation 2 is satisfied. If Equation 2 15 not valid, and the data is analyzed by Equation 3,
the mmsanrated hydranlic conduetivity will be over estimated.

Fesults from the UFA unsaturated hydraulic conduetivity analysis indicates that we were not able to
meet the requirements of minimizing the effacts of the matric potential gradient. Figure 3 illustrates the
calenlated hydranlic conductivity values nsing the UFA. Caleulated values are in the range of 1x107 to
1x107 cm =™ These values are approximately 10 to 1000 times greater that the saturated hydraulie
conductivity values, suggesting that the matric potential gradient is a donnant driving forece of the
solution flow. As the rotational speed mcreases (L.e. the omega increases) we are beginning to approach
the saturated hydraulic conductivity values. Higher water fluxes and higher rotation speeds would be
required to obtan valid unsaturated hydranlic conductivity values.
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Figure 3. Attempt to determuine unsaturated hydraulic conduetivity
values for the Ca(OH)2 penmueate sclution

Wo mnsanrated results were possible for the NaOH solution. Besides the problem described in the
previons paragraphs, gas was generated during the NaOH unsaturated hydraulic conductivity testing i
the centrifige biasing the flux measurement. As gas 15 generated enters the cap and small diameter lines
and results in an un-measurable solution e mto the sample. Addition work i3 needed to address the
gas generation (see suggest work section).

Considering the small drainage for measured in the moisture retention analyses a conservative
azsumption would be to assume that the imsamrated moisture content is uniferm and equal to the
saturated hydraulic conductivity value over the range of matric potential measured. Otherwise the
unsaturated hydraulic conductivity values as estimated by the van Genuchten methed can be nzed.

van Genuchten FParametsr Analysis

The moisture retention data (322 moeisture retention data result section) was used to develop van
Genuchten transport parameter for the saltstone sub-cores. All moisture retention values were given a
weight of 1. The residual medshos was set to be 0,35 and we used the standard Mualem relationship
betweennand m (ie. m=1-1/n). A good regression analysis (r° = 0.96) was obtained cnly fitting the
alpha, n, and the saturated moisture content. Figure 4 illustrates the data as a function of water content
verses matric potential and the van Genunchten fitted relationship.
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Figure 4. van Gemuchten curve fit of the
medsture retention data
Suggest Future Work

Hydraulic analysis of SRS saltstone material presents a muunber of challenges that are not typically
encomntered in traditional soil'rock testing. The testing of saltstone not only requires the proper
equipment, but alse the proper modification to the standard tests and some thought nto various bases
mtroduced while testing these samples. Below are a few notes of the testing and some suggested
activities to address issues raised by thas initial round of laberatory analyses.

There 15 a discrepancy between hydranlic analyses results described m this letter report and those
previously reported. Previous work report lugher bulk densities, lowsr porosities, and low
samurated hydranlic conductivities. ©More recent laboratory results are more inline to those
reported m this letter but still exlubit 2 much lower saturated hydraulic conductivity (~ 100
times) that those calenlated in this repert. A careful review of the previcus analyses (and these
analyses) i3 needed to reselve differences between the studies.

[ =]

Gas generation using the NaOH penneate solution 15 a problem for hydraulic analysis. During
the saturated hydraulic testing using the standard and the centrifuge falling head methed, gas was
generated at the sample mlet. For the standard hydraulic testing, the gas accumulated in a small
reservolr and was removed before taking measurements. For the centrifuge falling head test, the

Page 43 of 61



WSRC-STI-2007-00649, REVISION 0

Eenmneth L. Dixon
October 9, 2004
CCN 207262
Page 11

Lad

whn

mlet tubes are much smaller and removal of the gas is not pessible. We first need to determine
the source of the gas, and then we can design appropriate experiments to mitigate the gas
generation. Two likely possibilities include a chemical reaction with the saltstone and/or a
chemical reaction with the epoxy material. If the gas generation is associated with the epoxy, a
situple fix should be achievable. If on the other hand, the gas generation 15 associated with the
saltstone matmx, 1t could have significant implication to the hydraulic properties over the long
term. A simple labm'aton gualitative test could help distimguish the source of gas.

Despite the observed gas generation observed in this roumd of testing, saturated hydraulic
conductivities reported in this letter report are greater than those reported by others. Generally,
the generation of gas would result m lower hydraulic conductivities due to gas entrapment in
porespaces. Other laboratories may have not noted this phenomena and it may explain their
lower saturated hydraulic conductivities. On the other hand, it 1s possible that there is still
preferential flow between the epoxy and the saltstone. Visual examination of the sub-cores after
potting would suggest the binding of the epoxy and the saltstone was excellent. A dye tracer test
should be perfomled and evalnated for signs of preferential flow in future work.

It 15 not completely evident 1f unsaturated hydraulic conductivity can be obtained using the UFA
T'would suggest that we evaluate the steady state centrifinge method with a mumernical evaluation
(e.g. the medified HYDRUS 1D model) sinmulating varicus flux rates, rotational speeds, and
sample lengths. Usmg data from this letter report, we could predict the expected matric potential
and design an eptimum experimental program. As part of this activity, I would reconumend
destructive sampling of the saltstone to measure the matric potential along its length.

A discrepancy was noted between the fitted saturated moisture content from the meisture
retention data (~0.6) and the medsture content caleulated at the end of the standard falling head
test (~0.37). Typically a 0.03 variance between saturated moisture contents would not be a big
1ssue. However for the saltstone matenial the residual moisture content 15 0.35 and not a much
lower value of & typical soil. This discrepancy may be due to gas generation and/or the coating
of the walls of the saltstone with epoxy resulting in limited entrapped gas exit routes during
solution samuration. This discrepancy illustrates the sensitiaty of using measured moisture
contents to predict matric potential. Additional charactenization may be warranted and careful
examination of how these hydraulic analyses are used in interpreting field results.
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. Care was taken to prevent atmospheric CO2 from coming mn contact with the alkaline solutions

during testing. However in the field, the saltstone will not be 1selated from CO» sources and may
actually be in an environment of higher CO: concentrations. Long term 1ssues of €Oz diffusion
mto the saltstone and the geochemical precipitation effects may need to be evaluated.

Sincerely,

Earl D. Mattson, Ph.D., Research Hydrologist

Geosciences

EDM:pgs
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APPENDIX D. GTX DATA SHEETS ON MCU SALTSTONE TESTING
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Geolesting

express

GTX TECHNICAL PROCEDURE T-03
UNIT WEIGHT OF SAMPLE

Praject No.: GTX G1071 Boring Mo.: N/A
Lab Mo: 20300 Diepth: N/A
Project Name: Saltstone Grout Testing Sample ID: SLT-003
Tested By: RMT Reviewed By: J'W
Date: 07/06/06 Date: 07/06/06
Total Sample Inside Diameter Mopisture Content
Height, inclies of Cut Tube, inches
1 4171 Tare No.
2 T 4amn | Top 3000 Tare Weight Tgﬂmm
3 4371 Bottom 3000 || Wet Weight + Tare  E7200  prams
Average 4.37 Average 3000 Dry Weight + Tare 60568 prams
Moisture Content 44.0 *a

Total Weight of Soil + Tubc Scction 872,00 grams
Weight of Clean, Diry Tube Section .00 Frams
Wet Weight of Soml 1.92 ths
Valume of Sample 0.018 i
RESULT SUMMARY
Moisture Content 44.0 %
Wet Density 107.5 pef
Dry Density T4.7 pef
Specific Gravity .45
Porosity 0.51
Remarks: WERC Task 21, Contract Mo, ABROISEN
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Geolesting

EXPress

GTX TECHNICAL PROCEDURE T-03
UNIT WEILGHT OF SAMPLE

Project Mo.; GTX G1071 Boring Mo.; MN/A
Lab Mo: 20391 Diepth: M/A
Project Name: Saltstone Grout Testing Sample 1D: SLT-({4
Tested By: RMT Reviewed By: IW
Date; 07/06/06 Date: D7/06/06
Total Sample Inside Diameter Muisture Content
Height, inches of Cut Tube, inches
1 4.61 Tare No.
2 4.61 Top 3000 Tare Weight .00 BRI
1 4.61 Botlom  3.000 Wet Weight + Tare 92650 prams
Average 4.61 Average  3.000 Dry Weight + Tare  651.79  grams
Moisture Contenil 421 %4
(Tatal Weight of Soil + Tube Section 926,50 grams
Weight of Clean, Dry Tube Section (.00 EraE
Wet Weight of Soil 2,04 ths
Volume of Sample 0.019 i
RESULT SUMMARY
Moisture Content 42.1 k]
Wet Density 108.3 pef
Dry Density Th.2 pef
Specific Gravity 248
Porosity 0.51
Remarks: WEEA Task 21, Contract Mo, ABROIBEN

Page 48 of 61



WSRC-STI1-2007-00649, REVISION 0

. Clienit: WERC

GﬂnTe Stl ng Project Name: Saltsbone Grout Testing

Bx p ress Project Location:

n subisichary of Gencemp Carporation GTX #: G1071
Start Date: 6302006 Tegted By: rmit
End Dale: 7I6/2006 Checkad By: jeit
Boring #: Test #: ke
Sample #: SLT-003 (20390)
Depth: -
Vizual Description: Grout

Hydraulic Conductivity of Saturated Porous Materials

Using a Flexible Wall Permeameter by ASTM D 5084
Constant Volume

Simulated Groundwatear
4]

Permeant Fluid:
Cell #:

cylimder
WVartical

Sample Type;
Orientation:

Extruded from cylinder mold and placed into permeameter at as-received density and maisture content,
Trimmings moisture content not availabie,

Sample Preparation:

Parameter Initial Final
Height, in N 437 | 4,37
Diameter, in ] oo 3 ]
Area, in? [ 707 | rer
Volume, in? T a0e T s _'
Wesso | a2 g
Bulk Density, pct | 17 o
|Moisture Content, % | in progress | Inprgress -
Dry Denslty, pef | in progress | in progress
Degres of Saturation, % | In progress
B COEFFICIENT DETERMINATION
Cell Pressure, psi: a5 Pressure Increment, psic 4.75
Sample Pressure, psi: 90.1 B Coefficient: 0.95
FLOW DATA
[ | | | [ | |
| | Elapsed | | Permeability | | Permeability
| Tral | pressure, psi | Manomeler Readings | Time, | K, :Temp.' | K& 20,
Date | # cell | sample | z, 2, | z-z, | sec | Gradient | cmjsec c Ry cm/sec
e 1 0 | & | 20| 255 | 05 vo3 | 295 | 1s5e08 | 20 | 1000 1508
We | 2 a0 85 | 260 25.4 0.6 wss | 295 L3E-08 | 20 | L0000, 1,3E-08
e | 3 | oo 85 260 | 255 | 05 766 | 395 | 1.5E-08 | 20 | 100D, 1.56-0B
76 4 | a0 a5 iz&.o! 255 o5 | 750 285 | 1LeGE08 | 20 | 1000 1.6E-08

PERMEABILITY AT 20°C: 1.5 x 10® cm/sec (@ 5 psi effective stress)
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- Client: WSRE
GE“TEST.‘I ng Project Marme: Saltstone Grout Testing
express Praject Location:
B subsidisey of Gearomp Gorpomtion GTX #: G1Oo71
Start Date; 6/30/2006 Tested By:  rmt
End Date: FIL3F2006 Checked By: 1dt
Baring #: Tesl #: i
Sample #: SLT-004 (20391)
Depth: —
{visual Description; Grout

Hydraulic Conductivity of Saturated Porous Materials
Using a Flexible Wall Permeameter by ASTM D 5084
Constant Volume

Sample Type:
Crientation:

cylinder
Vertical

Sample Preparation:

Permeant Fluid:

Cell #:

Extruded from cylinder maold and placed Into permeameter at as-received density and moisture content.

Trimmings moisture content not available,

Simulated Salt Stona Solution
o

Parameter [ Initial Final
Height, In ~ - 461 | 2 S
Diameter, in - + - e N oo
Area, in” ] T e FOF
Volume, in® | 326 0 | 32.6 —
Mass, g S s 927 S
|Bulk Density, pcof | _ 108 [ R
Moisture Content, % | inprogress | Inprogress
Cry Density, pef i progress | inprogress
Dugree of Saturation, % | === T in progress
B COEFFICIENT DETERMINATION
Cell Prassure, psi: 95,5 Pressure Increment, psi: 4.75
Sample Pressure, psi: 56.4 B Coafficient: 0,95
FLOW DATA
| | | |
, | [ ! Elapsed | Permeabilty | [ | Permeability
Trial | Pressure, psi | _Manometer Readings | Time, I K, | Temn, : K@ 20 °C,
Date | #  cel |Sample | 7 | 0z, | z-7, |  sec | Gradient| cmjsec | °C | g, cmfsec
T '
M3 1 0 B5 | 275 270 | 05 | 1931 | 296 61600 | 20 | 1000 61600
#7132 | 80 B5 | 27.5 | 273 0.2 | @88 | 298 | 47E09 20 | 1000 47609
713 3 | @0 85 275 | 272 | 03 | 1347 | 296 | 52E-09 | 20 1000 59E-09
713 4 | oo 85 | 275 274 | 01 440 296 | 53809 | 20 | 1000 53609

PERMEABILITY AT 20° C:

5.3 x10° cm/sec

(@ 5 psi effective stress)
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Geolesting

express
Water Retention Test
(ASTM D3152)
Project Mo GTX-G107 Praject Mame Sallstone Grout Testing
Tested By 55 Tesl Date BI21/06
Reviewed By JW Review Dale B/20/06

B

Retentien Water
{percent by Volumae)
i
(=]

0,00 2.00 4.00 800 B.00 10,00 1200 14.00 16,00
Applied Pressure (bars)

—#—35LT003, Top ——S5LT005 Boltarn —k— —S— —#— |

Sampla No. | Initial | Dry Unit | Applied Pressure (bars)

&Depih(N) | Moisture | Weight | 0.40[ 0.60[ 10 &0 100 150] | | [ |
Retzined Water (parcant by volume)

. %byVo.| (en | Refmr o

SLTOodTop | 581 657 548| 546 543 526/ s01] 48E | | |

SLTOBotom | 512 753 S05 504, 504 504 501, 4e7 | | |

_ o I | 1 N B
1 | R I

— — __.__i_.._l B I U S R

Fremarks: The efective porosity (elfective drainage porasily as defned by ASTM DBS3, as a parcant, |s found for

an applied prassure by sublrscling the retained parcent wales (by voluma) from the saluration persant waler,

Sample grades light i dark gray from lop of sample 1o botiom. Sample saturated wih Equilbrabad Ground Walsr Simulant,
Sample 18ken from lop of sampe fractured during festing. Intisl racture afier 0.1 BAR Pressurs,

Final Sample Dimensions: (Bollom) damater 28638 em, Heaght; 0.2903 em
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Geolesting

express
Water Retention Test
(ASTM D3152)
Project Mo GTX-G1071 Project Mame Salistone Grout Testing
Tastad By 55 Test Date TG
Raviewed By JW Review Date TI406
55.0
540
Ba.0
1
é 5 520
5=
E HET)
g
500
400
480 ! ! } } | I l
0.00 2.00 4.00 .04 8.00 10003 12,05 14,00 16.00
Appliad Pressure (bars)
[—#—5LT004.Top —B—SLT004 Batiorn —d— —5— —— |
Sample No. Intial | Dry Unit| _ Popled Prossura(pars)
&Depth(f) | Moisturs| Weight 010 050 10 50 100/ 150 [ T 1
- |% by Vel (pe) | Retained Water (percant hymlum&] - _
LT004Top |  B48]  67.0) 538 533 531 518 510 50.7 I I
|stToosBosom | a0 ao7] ane 408| 404 403 a3 491 | [
| —r I | | | |_
[— SN S W— I I S I I —
S _—— — —] l S S I R I___!_..|_
H | ! 1

Remarks; The effective parosity (effective drainage paresty as defined by ASTM D653, as & parcend, is found for

&n applied pressune by sublracting the retsined parcant water (by wahme) from the saturalion pereent water,

Sample graces ight 1o dark gray from fop of sample to botlorn. Sample saturated with Smulsied Ssitsione Pore Fluid
Sample taken from op of samphe ractured duing tesing, Intial fraclure afler 0.8 BAR Pressurs,

2rd Frachure at 5.0 BAR; 3nd fracture at 10.0 BAR

Firal Swrple Dimensions: (Botlom) dismelar: 2 8648 o, Haight: £.3054 cm
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Geolesting

express
Water Retention Test

(ASTM D3152)

Project No GTX-G1071 Project Mame Salistone Grout Testing
Tesied By 55 Test Date BI21/2006
Rewiewed By JW Review Date Gi29/2006
Sample Mo, SLTO0Z | SLTOD3 | | Remarks: Equilibrated Groundwater )
Sample Location | Tep | Betiom || - Slmulant
Lab Mo. 20300 0 20300 | 000 | ESample grades light to dark
Ring No. - = | = from top ko botlom.
Container Weight, (g) 0 4] Top sample fraclured during
Container Dlam_ahg_r_{i_;m}  T.B58 TE11] fest,
Container Height, cm;_ - - 0782 AR p——
Container Valume (cm’ ;_ o CaB.02) 3253 |
Wi of Wel Sail + Container (3] 6883 6501 |
Wi, of Dy Sail + Container (g) 37.95| d9.28| |
Moistura Content {35) 55.2 42,5
Diry Linit Wiesght {pel) 65.75 7531
Initial Wi.Wel Soil + Confaner (g) 5068 5583 |
Initial Wi, Container {g) ] ___I}_{JI:I] 0.00 |
Inilial Maisbure, T by Vokime 58.1/ 51.2| | |
Lab |Pressure psi 1A 73 145 725 145 2176 . T
Mo, _ |pars 0.0 050 1.00] 5.0 10.0] 16.0 . |
Dale ! Read By B-23/55 | 2-24/55 l B-250W | B-26/S5 | 6-27/55 | 82855 |
20350 Welght of Soil + Ring | 67.71] 67,61 ! 5?.52! 6691  65.98] 5645 | 1 ]
[Weight of R o) Ll 9 0 a Ul | S
Retained 54.8 546 54.3 52.8| 80.1 48.6)
20390 Weight of Soil + Ring 55, aai 6587 6567 6687 6567 5542 . -
Weight of Ring aj 4] a 0 0 0
Retained Water (%) 50.5 50.4. 504 504 501 49,7 | |
[ I __|___|_ i
I _— i . ; f + -
I R | ] ]
— I E— —
| I _!____ _ | | |
| |
Mo, of Samplas 2
Mo, of Tesls per Sample [
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Geolesting

express
Water Retention Test
(ASTM D3152)
Project No GTH-GI1071 Project Namsa Salstone Grout Testin
Tested By 55 Test Date 7172006
Reviewed By JW Review Date TI4l2006
Sample No. o SLTO04 | 5LTOD4 | I . Remarks: Equilirated Groundwater
Sample Location | _Top | Bottom | o Simulant
Lak Mo, 20391 20381 | Sample gredes light 1o dark
RngNo. = — — rom iop i bt
Container Weight. (g} 0 Top samphe fractured duri
Cantainer Diameter {cm) TH33 715 lesl,
Container Height, (cm) o OB014] - 0FERE
Container Volume (em’) | __35_5'.!! 34.59
Wt of Wet Soil + Container (gy 5825/ B1.
Wi of Dry Soil + Container (g} 3805 4474 | o
Muaisture Gortent (%) 506 38.5) 1
Dry Unit Weight {pcf) 56.08 BO.71
Initisl Wi Wat Soil + Containes ig) §9.25  61.98 i I
Inilial WL Container {g) 0.0 ool T
Initial Moisture, % by Volume 54.3 49,8
Lab |Pressure |psi 1.5 T3 145 ?2.5' 145 217.6] |
Mo, | |bars 0.10/ 050/ 100  s0f 100  160] . |
|Data | Read By 7885 | 79SS | TAUW | T-11/55 | 71285 | 71385 | | |
20391 Weight of Soil = Rang | 58.13) 5668|5881  b5B.5B 5808 5704 1 1
WeigntofRing | 0 0| 0 0 0] o | |
Retained Water (%) 53.0 53,3 531 51.8 §1.0 50.7 |
20391 Weight of Saoil + Ring 61.91] 61.889]  51.83 61.6] G178 6171 I L
Weight of R il o o o — o o [ [
|Retained Watar (%) 406/ 49.6 49.4 40,3/ 493 40,1 |
L B | I 1 ] I
S S — —_— S H— |
| : i
1 L
| - . B S S | _ 4 |
I i . N B
Mo, of Samples 2
Mo, of Tests per Sample 5]
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APPENDIX E. CALCULATIONS TO CORRECT FOR SALT
PRECIPITATION
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The purpose of this appendix is to demonstrate the calculations that were used to correct the
raw laboratory measurements of dry bulk density, porosity, and water retention for the
saltstone grout samples. For each of these measurements, the sample is ultimately oven dried
and it is necessary to correct for salt precipitation that occurs during this process.

Dry bulk density was calculated based on the following equations.

_ Psat ~ Poven
l//liquid -

wil
pdry = Psat — l//quuid

Wiiquid = Unit mass of interstitial liquid in sample at saturation, glem?
psat = Wet density of saturated sample, g/cm?®

Poven = OVen dried density of sample, g/cm®

ywil= mass fraction of water in interstitial liquid (0.68), fraction
pary = dry bulk density, g/cm®

For sample SLTO003:
psat = 1.72 glem®

Poven = 1.20 glem®
ywi= 0.68 (grams of water per gram of simulant)

17249 _1198 ¢

cm? cm?
l//liquid = 0.68
g
Yiiquid = 0.773 om?

Py =172 0.773-

cm cm?®

g
pdry = 095 Cmg
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From the calculations above, the unit mass of interstitial liquid in the sample is 0.773 g/cm®,
Thus, a sample with a volume of 1 cm® would have 0.773 g of interstitial liquid in it.
Porosity was calculated on a unit volume basis as follows:

M iquid
Vliquid = .
liquid
0.773¢g
Vliquid ==
1.261 3
cm
Vg =0.613cm’

b= Vieigs _ Viiquia

V Vtotal

total

~0.613cm®
lcm?

¢
$=0.613

Miiquia = mass of interstitial liquid in sample at saturation, g
Vvoigs = total volume of voids, cm?

Viiquia = vVolume of interstitial liquid in sample, cm?®

Vot = total volume of sample, cm®

Pliquid =density of interstitial liquid (1.261 glem®), g/ cm?®

¢ = porosity, fraction
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The following equations were used to determine the initial moisture content (i.e. porosity) of
the water retention samples. It is important to note that only the mass of liquid removed by
oven drying needs to be corrected for salt precipitation. The liquid removed by pressure
extraction does not need to be corrected. Therefore, to determine the mass of liquid initially
in the sample, the calculation is broken into two parts. The first part of the calculation
determines the mass of liquid removed by pressure extraction and the second part determines
the mass of liquid removed by the oven drying process at the end of the test (which is
corrected for salt precipitation). The sum of these two values equals the total mass of liquid
in the sample at saturation.

For SLTOO03:
1)Determine the total mass of interstitial liquid in the sample:

M liquid — pressure =M sat M pressure— final

M iquid— pressure = 99-939 — 55.42¢

M jiquia _pressure = 0-910

M. _ 55429 - 39.269
liquid —oven 0.68

M jiquid—oven = 23.76 ¢

M iguiac = Miquia—pressure T M iiquidoven

M s = 0519 + 23.76 g

M, ., =2427g

liquid
Miiquid-pressure = Mass of interstitial liquid removed by pressure extraction, g
Miiquid-oven = mMass of interstitial liquid removed by oven drying, g
Moressure-final = final mass of sample following pressure extraction, g

M, = total mass of saturated sample, g

Miiquia = mass of interstitial liquid in sample at saturation, g

Mary = mass of oven dried sample, g

ywil= mass fraction of water in interstitial liquid (0.68), fraction
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2)Determine the initial saturation (total porosity) of the sample:

M iquia
Vliquid = .
liquid
24.27¢
Vliquid ==
1.261 3
cm
Viqig =19.25cm’

b= Vieigs _ Viiquia

V...V

total total

~19.25cm®

/= 32.53cm®

¢ =0.592

Miiquia = mass of interstitial liquid in sample at saturation, g
piiquia =density of interstitial liquid (1.261 g/cm®), g/cm®
Viiquia = vVolume of interstitial liquid in sample, cm®

Vyoids = total volume of voids, cm®

Vot = total volume of sample, cm®

¢ = total porosity (saturation), fraction
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3)Determine the volumetric liquid content of the sample at a specific pressure increment. In
this example, the volumetric liquid content at 0.1 bars is determined.

Mg = Mg —M liquid
Mg =55.939 — 24279
Mg = 31.669
V“qUid _ M sample M solid
pliquid
55.68g — 31.66¢
Vliquid = g
ZI..261—3
cm
Vigua = 19.05¢m’
Vi ui
eliquid = %
total
3
0 19.05cm

aud " 39 53cm?

Bquig = 0.985

liquid
Msoiig= corrected final dry weight of sample, g

Ms,t = total mass of saturated sample, g

Miiquia = mass of interstitial liquid in sample at saturation, g

Msample = Mass of sample at each pressure increment, g

piiquia =density of interstitial liquid (1.261 g/cm®), g/cm®

Viiuia = Volume of liquid in sample at each pressure increment, cm®

Vot = total volume of sample, cm®

Bliquia = volumetric liquid content of sample at each pressure increment,
fraction
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