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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 10-8 
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 10-9 cm/sec (Table 4).  The dry bulk 
density of the saltstone was estimated by GTX to range from 0.95 to 1.06 g/cm3 with an average 
of 0.99 g/cm3 (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.  
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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 10-8 cm/sec (Table 6).  The saturated hydraulic 
conductivity of the saltstone relative to the saltstone pore fluid simulant ranged from 9.0 x 10-9 to 
5.3 x 10-8 cm/sec (Table 6).  The dry bulk density of the saltstone was estimated by INL to range 
from 0.699 to 0.744 g/cm3 (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 10-9 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. 
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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/cm3; porosity of 42.3%; saturated intrinsic 
permeability of 5.3 x 10-9 darcies using a brine solution; and saturated hydraulic conductivity 
relative to water of 5.19 x 10-12 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 10-8 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 
10-9 cm/sec to <1.0 x 10-11 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 10-9 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. 
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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 II 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 
based simulant had a water to simulant ratio of 0.68 (on a mass basis) and a density of 1.261 
g/cm3. 
 
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 
(SLT004).  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. 
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ψliquid = unit mass of interstitial liquid in sample at saturation, g/cm3 
ρsat = wet density of saturated sample, g/cm3 
ρoven = oven dried density of sample, g/cm3 
χwil= mass fraction of water in interstitial liquid (0.68), fraction 
ρdry = dry bulk density, g/cm3 

 
Porosity (φ) was calculated using the following equations.  Example calculations are presented in 
Appendix E. 
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Mliquid = mass of interstitial liquid in sample at saturation, g 
Msat = mass of saturated sample, g 
Mdry = mass of oven dried sample, g 
χwil= mass fraction of water in interstitial liquid (0.68), fraction 
Vvoids = total volume of voids, cm3 
Vliquid = volume of interstitial liquid in sample, cm3 
Vtotal = total volume of sample, cm3 
ρliquid =density of interstitial liquid (1.261 g/cm3), g/ cm3 
φ = 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. 
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Mliquid-pressure = mass of interstitial liquid removed by pressure extraction, g 
Mliquid-oven = mass of interstitial liquid removed by oven drying, g 
Mpressure-final = final mass of sample following pressure extraction, g 
Msat = total mass of saturated sample, g 
Mliquid = mass of interstitial liquid in sample at saturation, g 
Mdry = mass of oven dried sample, g 
χwil= mass fraction of water in interstitial liquid (0.68), fraction 
Vliquid = volume of interstitial liquid in sample, cm3 

Vvoids = total volume of voids, cm3 
Vtotal = total volume of sample, cm3 
φ = porosity, fraction 
ρliquid =density of interstitial liquid (1.261 g/cm3), g/cm3 
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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. 
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Msat = total mass of saturated sample, g 
Msample = mass of sample at each pressure increment, g 
Mliquid = mass of interstitial liquid in sample at saturation, g 
Msolid= corrected final dry weight of sample, g 
ρliquid =density of interstitial liquid (1.261 g/cm3), g/cm3 
Vliquid = volume of liquid in sample at each pressure increment, cm3 
Vtotal = total volume of sample, cm3 
θliquid = volumetric 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 H2O (0.1 bar) 
to approximately 57,106 cm of H2O (~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. 
 

williquid

water
liquid χρ
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θliquid = volumetric liquid content of sample at each pressure increment 
θwater = volumetric water content of sample at each pressure increment 
ρliquid =density of interstitial liquid (1.261 g/cm3), g/cm3 
χwil= 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 
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where )(hθ  is moisture content at the pressure head h , rθ  is residual moisture content, sθ  is the 
saturated moisture content,  h  is pressure head, α  is a constant related to the inverse of the air-
entry pressure, and n  is a measure of the pore-size distribution.  The constraint nm 11−=  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 nm 11−=  retention curve model was used to estimate curve fitting parameters 
( rθ , sθ ,α , n ) for each sample. 
 
The curve fitting parameters ( rθ , sθ ,α , n ) from RETC (USDA, 1998) were used to calculate the 
effective saturation (or reduced water content), eS , at incremental pressure heads according to 
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where rS  denotes residual saturation. Using eS , the relative hydraulic conductivity was 
calculated at incremental pressure heads using the Mualem-van Genuchten type function 
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where residual saturation, rS , is equal to sr θθ (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 
SLT003 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 10-8 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 10-9 cm/sec. 
 
The dry bulk density of sample SLT003 was estimated to be 0.95 g/cm3 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/cm3.  The dry bulk density of sample SLT004 was estimated to be 
0.98 g/cm3 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/cm3.  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 SLT004, at 
pressures ranging from 102 cm H2O (0.1 bars) to 15,296 cm H20 (15 bars), Table 7.  GTX tested 
wafers approximately 3 inches in diameter and ½ 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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(SLT003 and SLT004) 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 10-9 cm/sec and 1.9 x 10-8 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 10-8 cm/sec and 1.8 x 10-8 cm/sec.  The dry bulk density 
of the saltstone samples tested by INL was estimated to range from 0.699 and 0.744 g/cm3, with 
an arithmetic average of 0.725 g/cm3 (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 H2O (~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 SLT003B 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 SLT003B 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 (r2=0.57).  The fit produced by RETC was used as a starting point in a visual curve 
matching procedure where the curve fitting parameters α and n were adjusted while fixing θs 
(0.70) and θr (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 α, 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 10-8 
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 10-9 cm/sec (Table 4).  The dry bulk 
density of the saltstone was estimated to range from 0.95 to 1.06 g/cm3 with an average of 0.99 
g/cm3 (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 10-8 cm/sec (Table 6).  The saturated 
hydraulic conductivity of the saltstone relative to the saltstone pore fluid simulant ranged from 
9.0 x 10-9 to 1.9 x 10-8 cm/sec (Table 6).  The dry bulk density of the saltstone was estimated to 
range from 0.699 to 0.744 g/cm3 (Table 8) with an average of 0.725 g/cm3.  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/cm3 and 
0.62, respectively. The MCU saltstone average dry bulk density and average porosity of 0.99 
g/cm3 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/cm3 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). 
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Figure 2.  Characteristic curves for MCU saltstone sample SLT003B. 
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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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Table 1.  Saltstone Cementitious Materials1. 

Ingredient 
Premix Blend 

(wt%) 
Portland Cement (type II) 0.10 
Fly Ash (class F) 0.45 
Blast Furnace Slag (grade 100) 0.45 
1A water to premix ratio of 0.6 was used for each batch. 
 
 
 

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

Ingredient 
Molarity 

(Moles/Liter)
Mass 

(g/Liter H2O) 
Sodium Hydroxide, NaOH (50 % by weight) 1.59 127.50 
Sodium Nitrate, NaNO3 3.16 268.48 
Sodium Nitrite, NaNO2 0.37 25.39 
Sodium Carbonate, Na2CO3 0.18 18.65 
Sodium Sulfate. Na2SO4 0.06 8.37 
Aluminum Nitrate Nonahydrate, Al(NO3)3 (9 H2O) 0.05 20.33 
Trisodium Phosphate Dodecahydrate, Na3PO4 (12 H2O) 0.01 4.40 
 
 
 

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

 
 
Ingredient 

 
Saltstone Pore 

Fluid Simulant1 

Equilibrated 
Groundwater 

Simulant2,3 
Deionized water 1000 g 1000 g 
Sodium Nitrate, NaNO3 272.0 g NA 
Sodium Chloride, NaCl 53.1 g NA 
Sodium Hydroxide, NaOH 24.0 g NA 
Calcium Hydroxide, Ca(OH)2 NA 1.5 g 
1Weigh 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. 
2Groundwater simulant is representative of groundwater equilibrated with concrete. 
3Titrate with either NaOH or HCl to achieve a pH of 12.4.  Prepare and store the solution in the absence of CO2. 
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Table 4.  Hydraulic Properties of MCU Saltstone as Measured by GTX (28 day minimum curing 
period). 

Sample Id Sample Type 
Permeating 

Solution1 
Saturated Hydraulic 
Conductivity (cm/s) 

SLT003 3" Mold Ca(OH)2 1.5E-08 

SLT004 3" Mold NaOH 5.3E-09 
1Two permeating solutions were used: groundwater equilibrated with vault concrete (Ca(OH)2) and simulated 
saltstone pore fluid (NaOH). 
 
 
 
 
 
 
 

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

Sample Id 
Sample 

Type 

Particle 
Density 
(g/cm3) 

Dry Bulk 
Density 
(g/cm3)1 

 
Porosity2 

SLT003 3" Mold 2.45 0.95 0.613 

SLT004 3" Mold 2.48 0.98 0.600 
1Dry bulk density corrected for salt precipitation as described in Section 3.2.1. 
2Porosity 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). 

Sample Id 
Sample 
Type 

Permeating 
Solution1 

Permeameter 
Saturated 
Hydraulic 

Conductivity2
 

(cm/s) 

UFA 
Centrifuge 
Hydraulic 

Conductivity 
(cm/s) 

Average 
Hydraulic 

Conductivity 
(cm/s)3 

SLT231-A 1” 
Mold NaOH 6.0E-09 3.0E-08 1.8E-08 

SLT231-C 1” 
Mold NaOH 1.0E-08 1.0E-08 1.0E-08 

SLT231-D 1” 
Mold Ca(OH)2 3.0E-08 8.0E-09 1.9E-08 

SLT231-E 1” 
Mold Ca(OH)2 9.0E-09 -4 9.0E-09 

1Two permeating solutions were used: simulated saltstone pore fluid (NaOH) and groundwater equilibrated with 
vault concrete (Ca(OH)2) 
2The saturated hydraulic conductivity of the potted samples was estimated using a falling head method with 2 meters 
of head. 
3Average of Permeameter and UFA hydraulic conductivity. 
4Test 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). 

Potential 
(cm) 

0 -101.97 -509.87 -1,019.74 -5,098.72 -10,197.44 -15,296.16 
(0.00 bars) (-0.10 

bars) 
(-0.50 
bars) 

(-1.0 bars) (-5.0 bars) (-10.0 bars) (-15.0 bars) 

Volumetric Moisture Content1   Sample 
Id Location1 

Bulk 
Density2 
(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 

1Samples from the top of both SLT003 and STL004  fractured at 0.5 bar or less applied pressure. 
2Dry 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 

Method 
Potential 

(cm) 

Volumetric 
Moisture Content1 

(cm3/cm3) 

Average 
Bulk Density1 

(g/cm3) 
Potential 

(cm) 

Volumetric 
Moisture Content1 

(cm3/cm3) 

Average 
Bulk Density1 

(g/cm3) 
Hanging Column2 101.97 0.698 0.699 101.97 0.697 0.724 

Pressure Plate2 1121.72 0.687 0.734 1121.72 0.683 0.744 
Pressure Plate2 5098.72 0.667 - 5098.72 0.667 - 
Pressure Plate2 10197.44 0.667 - 10197.44 0.667 - 
Pressure Plate2 15296.16 0.663 - 15296.16 0.666 - 
Chilled Mirror3 56085.94 0.653 - 57105.68 0.641 - 

1Dry 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. 
3Sample consisted of 3 mm diameter grains. 
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Table 9. Van Genuchten Transport Parameters1. 

Analysis 
θs 

(cm3/cm-3) 
θr 

(cm3/cm-3) 
α 

(1/cm) n m r2 
SLT003B 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 
1Data analyzed using Mualem relationship between n and m where m = 1 – 1/n. 
2Moisture retention data from SLT003B and SLT004B averaged for this analysis. 
3INL 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 

Saturated 
Hydraulic 

Conductivity 1 
(cm/s) 

Particle Density 4  
(g/cm3) 

Dry Bulk Density 
2 (g/cm3) 

 
Porosity 3 

Van Genuchten 
Transport 

Parameters 

1.0E-08 2.45 0.99 0.596 See Average from 
Table 9 

1 Average saturated hydraulic conductivity from Table 4 
2 Average dry bulk density from Tables 5 and 7 
3 Average porosity from Tables 5 and 7 
4 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 
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Recipe for Groundwater Equilibrated With Concrete 
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APPENDIX C.  INL REPORT ON TESTING OF MCU SALTSTONE  
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APPENDIX D.  GTX DATA SHEETS ON MCU SALTSTONE TESTING 
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APPENDIX E.  CALCULATIONS TO CORRECT FOR SALT 
PRECIPITATION 

 
 
 



WSRC-STI-2007-00649, REVISION 0 

Page 56 of 61 

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. 
 

liquidsatdry

wil

ovensat
liquid

ψρρ

χ
ρρ

ψ

−=

−
=

 

ψliquid = unit mass of interstitial liquid in sample at saturation, g/cm3 
ρsat = wet density of saturated sample, g/cm3 
ρoven = oven dried density of sample, g/cm3 
χwil= mass fraction of water in interstitial liquid (0.68), fraction 
ρdry = dry bulk density, g/cm3 

 
For sample SLT003: 
 

ρsat = 1.72 g/cm3 
ρoven = 1.20 g/cm3 
χwil= 0.68 (grams of water per gram of simulant) 
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From the calculations above, the unit mass of interstitial liquid in the sample is 0.773 g/cm3.  
Thus, a sample with a volume of 1 cm3 would have 0.773 g of interstitial liquid in it.  
Porosity was calculated on a unit volume basis as follows: 
 

613.0

1
613.0

613.0

261.1

773.0

3

3

3

3

=

=

==

=

=

=
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V
V

V
V

cmV

cm
g
gV

M
V

total

liquid

total

voids

liquid

liquid

liquid

liquid
liquid

 
 
 

Mliquid = mass of interstitial liquid in sample at saturation, g 
Vvoids = total volume of voids, cm3 
Vliquid = volume of interstitial liquid in sample, cm3 
Vtotal = total volume of sample, cm3 
ρliquid =density of interstitial liquid (1.261 g/cm3), g/ cm3 
φ = 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 SLT003: 
1)Determine the total mass of interstitial liquid in the sample: 
 

gM
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MMM
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MM
M
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liquid
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ovenliquidpressureliquidliquid

ovenliquid

ovenliquid
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dryfinalpressure
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=
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−
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−

−

−−
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Mliquid-pressure = mass of interstitial liquid removed by pressure extraction, g 
Mliquid-oven = mass of interstitial liquid removed by oven drying, g 
Mpressure-final = final mass of sample following pressure extraction, g 
Msat = total mass of saturated sample, g 
Mliquid = mass of interstitial liquid in sample at saturation, g 
Mdry = mass of oven dried sample, g 
χwil= mass fraction of water in interstitial liquid (0.68), fraction 
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2)Determine the initial saturation (total porosity) of the sample: 
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Mliquid = mass of interstitial liquid in sample at saturation, g 
ρliquid =density of interstitial liquid (1.261 g/cm3), g/cm3 
Vliquid = volume of interstitial liquid in sample, cm3 
Vvoids = total volume of voids, cm3 
Vtotal = total volume of sample, cm3 
φ = 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. 
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Msolid= corrected final dry weight of sample, g 
Msat = total mass of saturated sample, g 
Mliquid = mass of interstitial liquid in sample at saturation, g 
Msample = mass of sample at each pressure increment, g 
ρliquid =density of interstitial liquid (1.261 g/cm3), g/cm3 
Vliquid = volume of liquid in sample at each pressure increment, cm3 
Vtotal = total volume of sample, cm3 
θliquid = volumetric liquid content of sample at each pressure increment, 
fraction 
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