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ABSTRACT

,

Laboratory methods were used to define matrix hydraulic properties for low-
.

permeability Apache Leap Tuff core segments. Moisture content /matric potential
'

relationships, including hysteresis, and measured hydraulic conductivity data were determined

s

at a constant laboratory temperature of 20* C. To investigate the effects of temperature on
;

those relationships, additional retention data were obtained at 5' C and 45* C. Measured
;

i

retention data at all temperatures were applied to the van Genuchten model RETC, which

performs curve-fitting and calculation of the flow parameter hydraulic conductivity. Although

data at 5' C proved to be inconclusive, increasing the temperature from 20 to 45' C produced :
,

a shift of the moisture characteristic curve toward a higher potential for a given water
.

saturation. Model-calculated hydraulic conductivity also increased as temperature increased,

with respect to water saturation. The temperature-dependent change in the viscosity of water

proved inadequate to explain the increases ofhydraulic conductivity with temperature.
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FOREWORD

This technical report was prepared by The University of Arizona under their

research project with the Waste Management Branch in the OfHee of Nuclear

Regulatory Research (FIN L1282). The focus of this research study was to evaluate site

characterization methods for unsaturated, fractured rock. The report provides

information on laboratory methods used for estimating moisture characteristic curves

for unsaturated rock samples. Detailed information is provided on partially-saturated

flow theories and models, methods and materials used in the laboratory evaluations, and

experimental results which are all used in estimating moisture contents, hydraulic

conductivities and vapor pressures of partially saturated, heterogeneous, fractured rock
I core specimens. Data summaries are also provided in the appendices. The research

reported provides insights into uncertainties in the laboratory test results such as those

due to temperature effects and hysteresis. The lessons learned are relevant to site.

characterization and data analysis issues for modeling unsaturated flow and transport

in fractured rock.

NUREG/CR 6458 is not a substitute for NRC regulations, and compliance is not

required. The approaches and/or methods described in this NUREG/CR are provided

for information only. Publication of this report does not necessarily constitute NRC

approval or agreement with the information contained herein. Use of product or trade

names is for identification purposes only and does not constitute endorsement by the

NRC or The University of Arizona.
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1. INTRODUCTION

Large volumes of radioactive material are being produced on a daily basis in this country by
industry and the government, including wastes from facilities for nuclear-generated power and
government war surplus. This waste is currently in temporary storage, but preparations are being
made for permanent underground disposal. The location under consideration as a permanent
repository for high-level nuclear waste (HLNW) is Yucca Mountain, near the boundary of the
Nevada Test Site in southern Nevada. The repository is designed to lie in unsaturated fractured
volcanic rock, well above the regional water table.

The flow of liquid water in unsaturated fractured rock is expected to be a principal mechanism
for the transport of radioactive contaminants from the proposed site to the accessible environment.
Fluid flow behavior is a function, most importantly, of the properties of the geologic medium and
the physical effects imposed on that environment by the emplaced repository. One of those effects
will be extensive fracturing in the immediate vicinity of the repository. That problem will not be
cddressed here. Another important effect will be the large quantity of heat released at the site by
the radioactive decay of nuclear waste. The decomposition process will create high temperatures,
for which rock has only a limited capacity for conductance (Wang et al.,1981). The large amounts
of generated heat could induce liquid-vapor countercurrent flow in the surrounding medium, where
countercurrent describes the flow of water vapor away from a heat source, with a return flow of
liquid toward the heat source (Matthews,1986). Ignoring the effects of vapor flow, significant
quantities of heat can produce substantial changes in hydraulic properties and, therefore, affect the
transport of radioactive contaminants. Using granular porous media, workers from Philip and de
Vries (1957) to Wilkinson and Klute (1962), Haridasan and Jensen (1972), and Hopmans and Dane
(1985, 1986) found extensive evidence of temperature-induced increases in water potential and
hydraulic conductivity with respect to water saturation.

Even without the complications of a thermally altered environment, accurate descriptions of
unsaturated flow are difficult to obtain. It is necessary to determine the unsaturated hydraulic
conductivity of each media type as a function of water content or matric potential. Measurement
of unsaturated conductivity is a difficult and lengthy process, especially for low-permeability
materials. For this reason, moisture retention data, which can be used to predict unsaturated
hydraulic conductivity curves (van Genuchten,1980), become critical to the hydrologic characteriza-
tion of unsaturated porous media. Hysteretic and sorption data can also be useful for indicating
the nature of the matric potential dependence on water content, knowledge which is crucial for
predicting flow.

Comprehensive numerical models, like the model TOUGH, have been applied to multiphase
transport problems in rock (Tsang and Pruess,1987; Undgren and Rasmuson,1990). Such models
use established theories of unsaturated flow of liquid, vapor, and heat in porous media. The
models incorporate the influence of fluid pressure on fluid flow for both liquid and gaseous phases,
the effects of viscous and gravity forces, and the influence of heat transport, where thermal
conductivity is a function of the degree of saturation. The application of this type of model poses
a much simpler problem when we first define hydraulic functions under isothermal conditions, than
for problems requiring thermal gradients. Even under isothermal conditions, information on
hydraulic functions as applied to rock is sparse. To that end, the objective of this research is two- |
fold: (a) to identify and examine the moisture content /matric potential relationships (i.e., moisture ?

characteristic curves), including hysteresis, and the derived hydraulic conductivity relationship for 1

low-permeability volcanic tuff at 20 C; and (b) to investigate the expected dependence of the

NUREG/CR-6458 1-1 Section 1
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I

relationships of moisture retention and hydraulic conductivity on water content for a range of
|

isothermal conditions.
;

i In an effort to characterize the hydraulic properties of unsaturated volcanic tuff, a field site was
selected with tuff similar to that found at the proposed HLNW site at Yucca Mountain. The
Apache 1.eap Tuff Site, located near Superior, Arizona, has been the focus of field and laboratory
studies to identify the mechanisms of flow in unsaturated fractured tuff (see Figure 1.1). Five
blocks of partially welded tuff were removed from the site. One of these was labeled, cored, and
subsequently used to perform the procedures described in this paper. |

)
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Figure 1.1 location of the Apache leap Tuff i

Site study area in Arizona.
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;

!

!
2. THEORY !

!

Water flow in partially saturated geologic media is described in one dimension using Richards
equation (1931) as:

,

C(h)b = 0- K(h)b +K(h) (2.1)
|

'
& & &

i -

<

where C(h) is the soil water capacity [m'3], h is the pore water pressure head [m), t is time [s], z
is vertical length [m], and K(h) is the hydraulic conductivity [m/s]. Soil water capacity can be

:
'

estimated from the slope of the moisture characteristic curve, in which water content is a function
of capillary pressure head. Given a homogeneous and unsaturated medium, Equation (2.1) may
be written in terms of water content as:

$=0- D(0) S + K(0) (2.2)& & az

I
where e is volumetric water content [m/m], and D(0) is the soil water diffusivity [m /s] defined2 '

es:

D(0) = K(0) 8 (2.3) |

de

While the moisture retention relationship, 0(h), can be measured with relative ease, the
unsaturated hydraulic functions of hydraulic conductivity, as K(h) or K(0), and pore water idiffusivity D(0) are more difficult to obtain. For that reason, several methods have been
introduced to calculate these functions.

|

2.1 HYDRAULIC CONDUCTIVITY DETERMINATION

Burdine (1953) envisioned a porous medium as groups of parallel capillary tubes, with each
group having a uniform pore size distribution and varying permeabilities. He introduced the
importance of pore size distribution, with the concept that pores empty of fluids sequentially,
beginning with the largest diameter pores. Previous models, as reviewed by Mualem (1986), had

;

been used to derive relationships for effective saturation, S :

0 - 0'
S* = (2.4)

0, - 6,

end relative hydraulic conductivity, K,.;

L K, = = S,* (2.5)
. K,
J
|

|
where 8, functio,n of effective saturation, where or is the fitting parameter. Burdine, combined his

and 6 represent the saturated and residual water contents, respectively. K proved to be
! a power
!

:
r
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|

theory of pore size distribution with the relationships shown above into'a new equation for. |
unsaturated hydraulic conductivity, incomorating tortuousity as the exponent in the power function ,

relationship with S., giving:
'

|

s 1

K,(S,) = S,2 [ , hMx)
dx

(2.6) |.

t I '
dx

2' h (3) u

-!
.

- -

3

predicted from preceeding models, Mualem (1976a) proposed the following alternative to Burdine's
'|In order to minimize the frequent deviations found between measured K(6) curves'and those

model-

dx
. .

;'
1

f h(x)K=S (2.7) !
r e i i

dx >

h(x)o
,

where I is a fitted pore-connectivity parameter with an estimated average of 0.5, based on ;

measurements made by Mualem from many different soils. With the pore-connectivity parameter, ;

1, Mualem's model takes into account pore length as well as cross-section, allowing larger pores to {
have a greater influence on K. .

)

Brooks and Corey (1964) derived an empirical expression relating' effective saturation to !
'

pressure head, taking the form: |

l' -l

(') [h= aSf :

describing an S-shaped curve where a and n are curve-fitting parameters to be determined from .

the experimental moisture retention data. Here, the parameter n was allowed to have any value |

greater than zero, taking a small value for media with broad pore-sized distribution and a large !

value for media with relatively uniform pore size.
:
'

A new S-shaped model for fitting retention data was proposed by van Genuchten (1980):

S, = (1 + (a b)*]-= (2.9)

where a, n, and m are, again, empirical curve-fitting parameters. The parameter n is related to
matrix pore size distribution; the parameter m is a function of n; and the parameter a is inversely
related to the air-entry value or bubbling pressure. By imposing some restrictions on the
parameters m and n, and setting m=1-1/n, van Genuchten derived a closed-form solution for
Mualem's Equation (2.7), resulting in the following expression:

Section 2 2-2 NUREG/CR-6458
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[
*

u e

! t

f

'
! (2.10)K, = S| 1 ,1 - S,",

,

|

where 1 is equal to 0.5. A similar form was derived from Burdine's model: f
' O"

(2.11)K, = S| 1 ,1 - S," :
,

i
i

for I = 2 and m = 1-2/n. In the analytical model RETC, van Genuchten et al. (1991) applied the !
Brooks and Corey model as well as van Genuchten's model to both Burdine's and Mualem's ;.

solutions for hydraulic conductivity. The several applications possible allowed for wide variation i!

of the parameters m and n, by applying them as: (a) limited, with m(n), as in Equations (2.10) and - '

(2.11); (b) the case for variable m.and n; and (c) n - m. It was found that application of the ;

Burdine model is very limited for porous media with broad pore-size distributions (i.e., material ;

for which n s 2), because K as given by Equation (2.11) will go to zero as n goes to two (van
Genuchten and Nielsen,1985). An important limitation of using variable m and n is that it often

,

generates a value of n < 1, making the predictive equation for K invalid.- For that reason, the case ;

of variable m and n is recommended for use only with well-defined moisture retention data sets. ;

: After several experiments with the input variables, the van Genuchten solution to Mualem's model !
(Equation 2.10) and the variable m and n case were applied to the data from this study. |

i
e

2.2 TEMPERATURE EFFECTS i

l

Early research into the effects of temperature on the moisture-holding capacity of soils began |
1ste in the last century, with King in 1894 and Briggs in 1897, where surface tension and viscosity '

of water were soon recognized to be important mechanisms. In 1915, Bouyoucos postulated a
strong link between temperature effects and entrapped air. Since then, researchers have attempted
to quantify the effects of these mechanisms. The reader is referred to Nimmo (1983) for an
excellent historical review of temperature-influenced surface tension and viscosity studies of -

granular porous media. |

Philip and de Vries (1957) developed an expression Sr the effects of temperature on capillary
,

pressure head due to changes in the surface tension of water:

Oh - h do f= hy (2.12)
cTr o dT

where ah/ST is the temperature coefficient of pore water pressure head [m/* C], a is the surface
tension at the air-water interface [N/m], and y is the temperature coefficient of surface tension of

4water [C ]. Experimental results published by Gardner (1955), Wilkinson and Klute (1962), and
Hopmans and Dane (1985) indicated an increase in pressure head with increasing temperature for
a given water content. Celculated results based on Equation (2.12), however, consistently
underestimated the measured data by as much as several orders of magnitude. On the other hand,
Haridasan and Jensen (1972) and Hopmans and Dane (1986) found little or no evidence of I

;

| temperature effect when plotting hydraulic conductivity as a function of matric pressure. This

!

!
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phenomenon was attributed to the counteracting effects of temperature on hydraulic conductivity
end viscosity. Specifically, when temperature mcreases, hydraulic conductivity increases as the
viscosity of water decreases; however, under transient conditions, hydraulic conductivity decreases
as the water content at a given head decreases.

The inverse relationship of viscosity to unsaturated hydraulic conductivity is of primary
importance in explaining the effects of temperature on that flow parameter. Hydraulic onductivity
is defined as:

K = k . .P_1 (2.13)
p

2 3 2where k is the intrinsic permeability [m ], p is liquid density [kg/m ], g is gravity [m/s ], and g is
4the viscosity of the liquid [Pa s]. The temperature coefficient of the density of liquid water, at 10

kg/l* C, is expected to have a negligible influence on matric hydraulic properties. Herefore, the
effects of temperature on liquid density p are of essentially no consequence, and the effects of
temperature on flow should be attributable to the inverse relationship of the change in viscosity

,

g with temperature. Constantz (1982) and Hopmans and Dane (1985,1986) employed the viscosity !

ratio:

K.r * K, (2.14)
'

r
ET )

i

g s the hydraulic Iiwhere K is the hydraulic conductivity at the temperature of interest, K7
conductivity at the reference temperature, and g,, and 4 r represent viscosity of water at the
reference temperature and the new water temperature, respectively. Haridasan and Jensen (1972) |
and Hopmans and Dane (1986), among others, observed temperature- induced increases in
hydraulic conductivity at a given water content that could be accounted for almost entirely by the
reduction in viscosity. On the other hand, Constantz (1982) and others (Nimmo,1983) suggested
there may be a greater temperature dependence of unsaturated hydraulic conductivity than that

,

predicted solely by changes in water viscosity. For instance, it has been suggested that the i

temperature coefficient related to temperature-dependent viscosity may be greater for pore solution - I
than for pure water. Constantz also suggests that the contribution of water vapor flux may be |
significant at higher temperatures. Because of the relative case of, and greater success with, the
application, it is the viscosity ratio method which will be used in this study to predict unsaturated
hydraulic conductivity as a function of water content and temperature.

2.3 VAPOR PRESSURE DETERMINATION

According to Jackson (1964), the movement of water vapor in dry porous media is a complex
process which incorporates vapor diffusion, evaporation and condensation, and adsorption of water
molecules on solid surfaces. It is very difficult to quantify those various components of the vapor
diffusion process. Instead, a basic relationship between water potential and vapor potential is
applied to the problem of obtaining moisture contents at very low matric potentials.

!

He total potential of water, $, in a pore water solution is the sum of the components gravity j
potential, $,, matric potential, $,, and osmotic potential, $, and can be expressed as: j

|
1

!

)
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to " SZ + (p-II) (2.15)
'

p,

where g is gravity [N/kg), z is vertical length, p. [kg/m3] is density of pure water, p is matric
2pressure, and II is the osmotic pressure [N/m ] of the pore solution. Water is present, however,

as both liquid and gas phases and, at static equilibrium, the total potentials of both phases are
equal. Water vapor is not influenced by matric forces and, because it consists of pure water, the
osmotic potential must equal zero. The total vapor potential, then, is subject only to vapor pressure
end gravitational forces. By substituting p,, density of water vapor, for p,into a form of the ideal
gas law, one gets: ,

i

p,=p (2.16).

Substituting Equation (2.16) into the vapor potential form of Equation (2.15) yields a form which
holds for isothermal conditions:
- r RT

$,(vap)=J dp + gz = RT Inp+gz+C (2.17)pM M

where R is the molar gas constant [8.314 J/mol K], T is temperature in Kelvins, M is the molar
mass of water [kg/mol), and C is an integration constant. At static equilibrium, gz is the same for
liquid water as it is for water vapor at the gas-liquid interface, so that $,(liq) = $,(vap) = gz.
Under these conditions, it follows:

C = E[Inp,] (2.18)M

|

where p, is saturated vapor pressure (Koorevaar et al.,1983). One can substitute the expression I

for C into Equation (2.17) and set (2.17) equal to Equation (2.15), with results:

1 (p -II) = E n P- (2.19)p, M p, ,

where gz cancels from each side of the equation and p/p,is the relative vapor pressure, also known
as relative humidity. If a known vapor pressure is applied to the capillary environment, the total
potential of the pore water should eventually equilibrate at the vapor pressure. From this
relationship, the known vapor pressure / relative humidity of a saturated salt solution could be used
to calculate an equivalent equilibrium pore pressure.
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3. METIIODS AND MATERIALS

The partially welded tufTaceous dacite used for the experiments was removed from beside the
Magma Mine Road, approximately 91.5 meters before the turnoff to the Apache Leap Tuff site,
shown in Figure 3.1 (Thompson,1990). Maintaining vertical orientation, the block was cored, the
cores were sliced, and the segment surfaces were ground smooth using water as the only coolant.
Twenty samples were used to derive the moisture retention data. The samples measured six
centimeters in diameter and range from 2.39 to 2.69 cm in height. Ten samples were used for one
of the hysteresis loops, ranging from 2.61 to 2.79 cm in height. The core segments were labeled as
to identification and orientation, measured to determine volume, and then placed in a drying oven at
105*C for 24 to 48 hours, depending on size and initial water content. Because the drying time was
defined for soil samples, as recommended by Klute (1986), tuff samples were weighed periodically
during oven drying to detennine the necessary drying time. After cooling in a dessicator, the samples
were scaled on the sides with heat shrink or adhesive-backed vinyl to prevent moisture losses through
the sample sides. The prepared cores were then saturated under vacuum with de-aired 0.005 M
CaSO solution, as recommended by Klute (1986), and weighed again. The saturation setup is shown4

in Figure 3.2. The technique of vacuum-saturating samples with de-aired solution greatly reduced
the occurrence of entrapped air. Porosity and volumetric water content were calculated using the
relationship:

0 = (m, - m )g
piV

where 0 is volumetric water content [cm'/cm ], m is mass of the wet sample [g], m is mass of theS

a

dry sample [gl p-]. is density of water at the temperature ofinterest [g cnt'], and V is the volume ofthe sample [cm
The core segments provided data for determining water content /matric potential relationships,

including a wetting hysteresis scanning curve and a drying / wetting hysteresis loop. In addition,
saturated hydraulic conductivity and intrinsic permeability were measured for some of the same
samples. The wetter portions of the moisture characteristic curve were obtained by the use of
computer-controlled pressure and a pressure extraction vessel (i.e., matric potentials from 0.01 to .5
MPa), while saturated salt solutions were used to obtain data for the drier regions (i.e., matric
potentials less than .5 MPa). [ Note that 0.1 MPa is equal to 100 kPa, is equal to 1 bar.] The wetting
portions of the moisture characteristic curve were obtained by reversing the order of the applied
pressure increments, with some modification to the extraction vessel setup. A complete set of
desorption / absorption curves requires several months, depending on the permeability of the material
being analyzed, the size of the samples, and the number of pressure steps employed, especially when
vapor equilibration is required. Saturated hydraulic conductivity and intrinsic permeability were
measured with a permeameter and a Tempe cell, respectively, also employing computer-controlled
pressure.

:
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3.1 PRESSURE PLATE EXTRACTOR METHOD

A pressure plate extractor was used to regulate the matric potential within tuff core segments for
the wetter range. The pressure plate extraction technique has been employed for decades and is
widely used to determine moisture retention relationships for soils (Richards,1965). Recently, the
method has also been applied with good results to consolidated samples such as sandstone (Rahi,
1986), basalt (Bishop,1990), and volcanic tuff (Rahi,1986; Flint,1991). The basic method of
equilibrating geologic samples under increasing increments of pressure, modified from a method
suggested by Klute (1986), utilizes a computer monitored on-off solenoid, a pressure transducer, and
a bleed-off solenoid to control pressure in the extraction vessel to within 2 kPa (Figure 3.3). The
pressure transducer was a Setra Systems Model 205-2, with a range of 0-250 psi. )

Effects of plate impedance on the capillary conductivity of granular porous media have been
studied by Miller and Elrick (1958), Kunze and Kirkham (1962), and Valiantzas (1990). Information
from the manufacturer, Soilmoisture Equipment Corporation, indicates a conductance of
approximately 6x10 m s ' for a new 100 kPa ceramic plate. Conductance describes the ability of the

4

plate to transmit fluid. It is calculated by multiplying the hydraulic conductivity of the plate by the
plate area and dividing by the plate thickness. Tests on the new porous plates used for outflow in this
study showed plate co.nductance to average 4x10* nh2 Tuff cores were expected to have a
significantly lower conductance than the plates.

After vacuum-saturating the core segments, the samples were placed on the porous ceramic plate
of the pressure extraction vessel, with a dampened No. 42 Whatman filter paper lying between the
sample and the plate to provide a good hydraulic connection. The vessel was sealed and pressure was
applied using nitrogen gas. The imposed external pressure of the gas results in an equivalent matric
pressure within the core segment upon equilibration. At each pressure step, the samples were
weighed to determine their volumetric moisture content, using an analytical balance accurate to one
hundredth of a gram. At increasing increments, pressures of.010, .025, .050, .100, .300, and .500
MPa were applied to the cores using the method just described, and water contents were determined
for the core samples.

O
J
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Figure 3.2 Setup for vacuum-saturating consolidated samples.
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3.2 VAPOR PRESSURE EQUILIBRATION METHOD

For matric pressures greater than .500 MPa, saturated salt solutions were used to impose the |
'

desired potential on core segments, as suggested by Klute (1986). The vapor equilibration method j
'

is based on the principle that two solutions of non-volatile solutes will evaporate / condense from one ;4

to the other until their concentrations have altered sufficiently to produce equal vapor pressures
between them (Robinson and Stokes,1970). The water potential in the vapor phase associated with
a saturated salt solution creates a vapor pressure gradient with respect to the potential of the moisture
in the rock samples, and it is this gradient which provides the mechanism for moisture desorption and
sorption. Core samples were positioned just above a saturated salt solution on a lattice, within a
closed lucite dessicator chamber. This arrangement assures maximum exposed sample surface area
and minimum separation between the sample and the osmotic medium, both factors in reducing
equilibration time (Campbell and Gee,1986). Equilibration time for this method was tested by,

running two sets of samples for each pressure step for several time periods ranging from 3 to 8
weeks. Equilibrium was determined by weighir.~ cores at intervals of not less than seven days and

,

was consistently attained after three weeks.
.

The salts used for the vapor equilibration procedure were chosen from the Handbook of
Chemistry and Physics (1941), based on their matric potentials for a saturated solution at 20*C. The
saturated salt solutions selected were lead nitrate, Pb(NOA zinc sulfate heptahydrate, ZnSO, 7H 0,2

and potassium bromide, KBr, which provide matric potentials of 2.7 MPa,14.2 MPa, and 23.6 MPa,
respectively. In each instance, saturated solutions were prepared by adding to heated water salts

'

20 C.
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Relative humidity was measured for each solution using a hair-bundle hygrometer, with accuracy
1%. The hygrometer was a small wall-mount type and not particularly suited to insertion into i

the vapor chamber, although with practice it could be done with minimum disturbance. The ,

. instrument was also subject to changes in barometric pressure. As a result, the method of :

hygrometer measurement was not considered to be reliable, so the theoretical potentials associated {
with the solutions were used to plot the moisture characteristic curves for the drier regions. Both
the theoretical values and the measured values of relative humidity and water potential are listed
in Table 3.1.

Table 3.1. Relative Humidity and Matric Potential for Saturated Salt Solutions: 'Iheoretical and !
Measured (Hygrometer Values)

]
,

SALT LEAD HYDRATED POTASSIUM
NITRATE ZINC SUI. FATE BROMIDE

RH%

Theoretical 98.0 90.0 84.0

Hygrometer 97.0 91.0 88.0

|

Potential (MPa)

Theoretical 2.73 14.2 23.6

Hygrometer 4.12 12.8 17.3

,

i

The imbibition portion of the characteristic curve was determined by reversing the order of the !
matric potential equilibration steps. At the higher potentials, the cores were moved to a salt 1

solution of less negative potential than that used for the previc,us step. For sorption pressure steps i
from .5 MPa to .01 MPa, a modified ceramic pressure plate was used, allowing core segments to
imbibe de-aired solution which had been pumped through the bladder under the plate (Klute,
1986). A slow-speed peristaltic pump circulated solution from a reservoir through the plate

|bladder.

The methods just described for measuring desorption and sorption, which included hysteretic ;

functions, were performed in a constant-temperature laboratory at 20' C. To investigate the effects !

of temperature on the moisture content vs. matric potential relationship for Apache leap Tuff, the :

same 20 core segments were pressurized, in the same manner, at different temperatures. To !

impose the new temperature environment, the pressure extraction vessel was submerged in an
insulated bath through which heated or cooled water was circulated constantly. In this manner,
additional desorption data to .5 MPa were collected at 5* C and at 45' C. !

!

- .
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3.3 PERMEAMETER /TEMPE CELL METHOD:

!

The outflow method introduced by Gardner (1956) estimated unsaturated hydraulic conductivity
by assuming that: (a) K remains constant for outflow from a small pressure increment applied to
the sample, and (b) pressure plate impedence is negligible. Many refinements have since been
made to Gardner's method, including plate impedence accountability (Miller and Elrick,1958) and ;
the variability of K after the first 10-15% of the outflow (Kunze and Kirkham,1962). The method

|| described by Klute (1964) is used to determine unsaturated hydraulic conductivity for this study,
|| where K is assumed constant over the range of water contents which result from a given outflow

i

step. The expected low conductance of the tuff core samples (Rahi,1986; Rasmussen et al.,1990)
precludes the incorporation of pressure plate impedance. The outflow method was also used to

|obtain data for saturated hydraulic conductivity, with slight differences in the technique as !

cmployed by Rasmussen et al. (1990). While all core segments were vacuum-saturated as before,
those used for saturated hydraulic conductivity measurements were " packed" into cylinders.
" Packed" cores were constructed by forcing water-proof caulking into the annular space between
the rock and cylinder wall, leaving both upper and lower surfaces unobstructed (permeameter cell,
Figere 3.4). This technique allows for axial flow, i.e., through the core only.

PRESSURIZATION
PORT l

_h J.
!# ) s M&A
, . .

IRER
+ ' . E

$i : :'p' 4|| 4 i \/g' /4: 4,
s n/

a

kAIR EVACUATION OUTFLOW PORT '

PORT (to flowmeter)
SEPTUM

Figure 3.4. Schematic of permeameter cell.
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In the constant-temperature laboratory at 20' C, a pressure increment was applied either as
solution or as humidified gas to induce flow under either saturated or unsaturated conditions. For
saturated hydraulic conductivity measurements, solution under a maximum pressure of .050 MPa
was applied to a sample in a permeameter (Figure 3.5). When the outflow rate was steady, a small
air bubble was injected into a small capacity pipette which served as a flowmeter, and the bubble
movement was monitored. From the change in bubble position, the outflow rate could be
calculated. Subsequently, saturated hydraulic conductivity is calculated frum the relationship: >

K, = (3.2)AH.

where K, is saturated hydraulic conductivity [m/s], Q is outflow rate [m /s], L is sample length (ml,3

2
A is sample area Im ], and H is total head imposed on the sample [m of water]. From K, the

2intrinsic permeability, k, [m ], can also be calculated:

(= (3.3)
pg

where g is water viscosity [Pa s], p is density of water at the temperature of interest [kg/m ], and3

2g is acceleration due to gravity Im/s j,
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Figure 3.5. Schematic for pressurized permeameter setup.
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To measure unsaturated hydraulic permeability, humidified nitrogen gas was applied to a
sample in a Tempe cell, at pressures of .01, .025, .05, and .1 MPa. The rate of outflow from the j

pressure cell was calculated by directly measuring accumulated outflow in a calibrated buret (Figure j
3.6). A peristaltic pump was used to remove gas which became trapped at the bottom of the

!porous plate during operation (Klute and Dirksen,1986).
|
,

15 GAL
RESERVotR

%.-

!

|

# -CORE SAMPLE

%
. . :.

PRESSURE TEMPE PRESSURE
TRMSDUCER gggg

* 4D l
? '

PRESSURE -

CONTROL UNIT
' ' "

PRESSURE i '
;COMPRESSED MTEGAS py

BURET 3
:::

RECIRCULAT10N $
PUMP

Figure 3.6. Schematic of setup for Tempe Cell method.

While the original concept of soil water diffusivity was proposed in 1950 by Childs and Collis-
George, Klute (1964) provided a detailed method of solution based on theory applied to
experimental measurements. An analytical form of the cumulative outflow function:

3_ Q(t)
8 1 -(2m + 1/ z Dt (3.4)

2

,3p,

2
(2m + 1)2 4L2 -

Q(=) x

2was used to calculate a table of values (Klute,1964) for the quantities log [Dt/4L ] and log [1 -
3

Q(t)/Q(=)], which were then used to construct a theoretical curve, where Q(t) [m /s] is outflow at
2

time t [s], Q(m) is steady-state outflow rate, D is diffusivity [m /s], and L is sample length [m]. On
the same type of log-log graph paper, the quantity log [1 - Q(t)/Q(m)] versus log t is plotted for the

2

experimental data. A curve-matching technique is employed by translating along the log [Dt/4L j
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! axis only and reading the corresponding value of t from the experimental curve. If w represents'
2

i the chosen value of Dt/4L and t is the experimental value of time corresponding to the chosen
'

,

: value of w, then diffusivity is given by:
2 ;

D = w4L (3.5) :.

t *

,

3 4For sample volume, V [m ], the specific water capacity, C [m ], is expressed by: :,
:

)C= (3.6)VAh,.

'

.

and hydraulic conductivity is given by:

K=DC. (3.7)
'

.

! 3.4 EMPLOYING THE RETC MODEL

I
i- As discussed earlier, van Genuchten's RETC program employs a curve-fitting model using the

empirically derived parameters a, n, and m. Although these parameters are calculated from the
measured input data, a close initial estimate significantly reduces the number ofiterations required.''

For this study, initial estimates for a and n were taken from Rasmussen et al. (1990), who also'

applied the method to samples of Apache leap Tuff. The model variable MTYPE defines the type
of retention and conductivity models which are to be implemented in RETC. That is, the n and ,

m case chosen determines the retention model to be used, and Mualem's Equation (10) or !

Burdine's Equation (11) model describes the conductivity model to be used. An MTYPE'of 1
applies Equation (9) with variable m and n and Mualem' model. MTYPE's of 3 and 5 also employ
Mualem's model, but apply Equation (9) with m = 1 - 1/n and n- e, respectively. For MTYPE
2,4, or 6, Equation (9) with variable m and n, m = 1-2/n, or n- e, respectively, are applied as
the retention model and Burdine's model is used to calculate conductivity. An MTYPE of 1 was
subsequently used to model data from this study. The model parameter L, which alludes to pore
connectivity, has been found to average 0.5 for most soils (Mualem,1976a). Besides the three
fitting spmmeters and pore connectivity factor just described, the RETC program also requires
initia: .'d.es for isidual and saturated water contents, as well as a value for saturated hydraulic ;

conductivity. These values can be determined from the laboratory procedures detailed earlier in ;

this section.
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4. RESULTS AND DISCUSSION

Fundamental matric characteristics were measured to facilitate the eventual determination
of hydraulic properties for Apache leap Tuff. For the 20 core segments used in the derivation of
the characteristic curves, the average core length was 2.51 cm, and the average volume was 71.013

cm (Table 4.1). The effective porosity of the matrix material, equivalent to the saturated water
content at zero pressure, is defined as the volume of interconnected voids per unit volume of rock.
To determine this parameter, the difference in mass between each vacuum-saturated and oven-
dried sample was divided by the density of water and the volume of the sample. Supplementan
data, including procedures, for thermal conductivity are contained in Appendix B.

Table 4.1. Basic Information for Samples at 20' C.

Sample # Dy Weight Saturated Volume Height Porosity(g) Weight (g) (ccm) (cm)
0701 155.80 167.56 71.53 2.53 0.1647
G702 152.28 164.29 69.27 2.45 0.1737
0703 155.17 165.41 69.27 2.45 0.1481
0704 154.12 165.35 70.12 2.48 0.1604
0705 154.46 165.73 69.55 2.46 0.1623
0706 151.60 163.60 69.27 2.45 0.1779
0707 155.05 165.93 69.27 2.45 0.1573
0708 160.44 171.49 71.82 2.54 0.1541

0709 153.16 164.78 69.27 2.45 0.1681

0710 148.49 159.85 67.56 2.39 0.1670

0711 161.05 172.75 71.82 2.54 0.1632

0712 160.62 172.77 73.23 2.59 0.1662

0713 161.55 174.48 74.36 2.63 0.1742

0714 156.61 168.30 70.69 2.50 0.1657

0715 160.59 172.63 70.69 2.50 0.1706

0716 159.51 172.31 72.10 2.55 0.1779

0717 157.60 169.36 70.97 2.51 0.1660

0718 162.77 174.68 72.67 2.57 0.1642

0719 168.24 180.45 75.78 2.68 0.1614

0720 157.72 170.25 70.97 2.51 0.1769
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4.1 MOISTURE RETENTION EXPERIMENT RESULTS

As many as 20 saturated core segments were allowed to equilibrate under pressure at 20' C,
,

resulting in the statistical summaries of water content and relative saturation listed in Tables 4.2 |

and 4.3, respectively. The pressure plate extractor was used for pressures less than or equal to .5
MPa and required up to seven days to attain. equilibrium for a single pressure step at 20' C. For
pressures greater than .5 MPa, core segments were enclosed with an appropriate saturated salt
solution until equilibrium was reached. Although this method was tested by running two sets of
samples for several time periods ranging from 3 to 8 weeks for each solution / equilibration pressure,
equilibrium was consistently attained after 3 weeks. The reader is reminded that equilibration time
is a function of sample size and, therefore, the smallest representable size is recommended. The
vapor equilibration method is reliable, but may pose a serious limitation due to the long time
periods required at high pressures.

The same pressures were applied in reverse order to effect matrix moisture absorption. Both
pressurized vessel and salt solution methods were used to generate data for the main drying and
wetting portions of the moisture characteristic curve at 20' C. The pressurized moisture extraction
vessel alone was used to generate data for three hysteresis scanning curves and retention data at i
both 45' C and 5* C.

Mean values of relative saturation were plotted against matric potential to produce retention ;

curves and three hysteresis scanning curves. Note that all data points for observed data plots were |
based on the arithmetic means of ten or 20 samples, with the exception of K., which was based j
on a median value of ten samples. The analysis reveals a coefficient of variation ofless than 2.2%
for retention data at all matric potentials, desorbing or sorbing, at 20* C. Similarly, the coefficients !

'of variation for 45' C and 5' C were less than 4.2% and 1.2%, respectively. Tb small value of the
coefficient of variation indicates both small geologic variation within the sample set and small
measurement error within the experimental group.

In the observed data plot shown in Figure 4.1, the main imbibition curve somewhat parallels
the main d ying curve, except at the lowest water contents, where one can see a greater change in
pressure head with change in water content for the sorption curve than that evidenced by the
desorption curve. This phenomenon is consistent with other imbibition experiments (I2nhard et
al.,1991; Poulovassilis,1970). As with the moisture retention curves developed for other rock
samples (Flint,1993), the characteristic curves in Figure 4.1 exhibit a broader, more blunt shape
than the sigmoidal shapes typical of granular porous media (Stonestrom and Rubin,1989). Figure
4.2 shows a characteristic curve representative of porous granular media for comparison. The

,

generally broader shape associated with the tuff is most likely a result of air entrapment during the i

wetting process. On the other hand, the wide separation between branches of the retention curve
at the very dry end may be due to the peculiarities associated with vapor transport, such as
adsorption and diffusion.

The first hysteresis scanning curve was derived by desorbing saturated cores to equilibrium
at .5 MPa, then allowing them to imbibe moisture to equilibrium at .010 MPa. The set of data for
this hysteresis curve was obtained from a third set of ten core segments, for which~ initial saturated
water content (Table 4.4) was somewhat lower than that for the first 20 samples. The difference
was probably due to the subsequent " flushing" of the first set of samples, which increased the
effective porosity. This phenomenon of possible clay particle removal will be explained later.
Because of that initial difference, these curves were normalized by plotting the mean values of
relative saturation (Table 4.5). The first scanning curve is plotted ii. Figure 4.1 with the main
drying and imbibition curves. The divergence from the main drying branch makes obvious the
effects of air entrapment. Stonestrom and Rubin (1989) found similar results with sand and loam
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Table 4.2. Statistical Summary of Water Contents (ccm/ccm)for ALT desorbing/ absorbing at 2WC.
;

.

$
$ ! Matric Potential (MPa) ,

0.0 0.01 0.025 0.050 0.10 0.30 0.50 2.73 14.24 23.57
.

Desorption:

# Repetitions 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0

Mean 0.1660 0.1611 0.15 % 0.1552 0.13 % 0.1112 0.0858 0.0579 0.0302 0.0226 ,

Coefficient - 0.0106 0.0109 0.0103 0.0092 0.0109 0.0186 0.0166 0.0103 0.0135 0.0108 |
Variation

Minimum 0.1481 0.1430 0.1423 0.1426 0.1208 0.0905 0.0759 0.0540 0.0270 0.0207

a. Median 0.1658 0.1618 0.1600 0.0155 0.1416 0.1114 0.0844 0.0577 0.0300 0.0225 5

s
Maximum 0.1779 0.1740 0.1722 0.1660 0.1507 0.1283 0.0970 0.0626 0.0345 0.0251

i

%

Absorption:

# Repetitions -- 10.0 10.0 10.0 10.0 10.0 20.0 20.0 20.0 --
,

Mean -- 0.1355 0.1291 0.1151 0.0944 0.0751 0.0604 0.0278 0.0245 --

Coefficient -- 0.0141 0.0123 0.0140 0.0183 0.0218 0.0209 0.0113 0.0104 --

* )Variation

Minimum -- 0.1282 0.1227 0.1060 0.0858 0.0683 0.0506 0.0249 0.0221 --

'

Median -- 0.1337 0.1277 0.1149 0.0942 0.0738 0.0608 0.0278 0.0244 --

0.1455 0.1371 0.1228 0.1005 0.0855 0.0720 0.0310 0.0269 --Maximum --
,

N
1 O. :

8
a

2

i

, _ . . . _ , _ . . . -- . .m._ m.. , , . . . - _ , . - , _ . . - . , , . , _ . _ , . - - . _ . _ .-- _ _ _ .- - - - _ . _ _ . . _ . _ _ _ _ , _ _ _ _ . _ _ _ _ .._____._,-.__.____=_.m__.__. _ _ e =



.-

N
U.
8
.#

Table 4.3. Statistical Summary of RelativeSaturations(%) for ALT desorbing/ absorbing at 20'C.
,.

Matric Potential (MPa)

O.10 0.025 0.050 0.10 0.30 0.50 2.73 14.24 23.57

Desorption:

# Repetitions 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 l

Mean 97.08 96.I7 93.55 84.I8 67.04 51.82 34.96 I8.25 13.63

Coefficient 0.0029 0.0025 0.0043 0.0099 0.0178 0.0210 0.0187 0.0I88 0.018I
Variation

Minimum 94.21 93.59 89.43 78.36 58.46 45.31 31.23 15.80 12.20

[ Median 97.32 96.43 93.87 83.68 66.99 51.23 33.61 17.79 13.37

Maximum 98.54 97.81 96.29 90.55 76 78 60.58 41.39 21.14 | 16.00

Absorption:

# Repetitions 10.0 10.0 10.0 10.0 10.0 20.0 20.0 20.0 --

Mean 83.14 79.21 70.58 57.86 46.01 37.08 17.08 14.80 --

Coefficient 0.0203 0.0183 0.0188 0.0206 0.0200 0.0222 0.0187 0.0167 --

Variation
,t

Minimum 77.43 73.63 63.96 50.55 39.32 30.72 14.90 13.32 ---

7

E Median 81.64 77.73 69.% 57.77 46.35 37.92 17.06 14.51 --

m
O Maximum 95.81 89.33 77.85 63.47 49.66 44.36 19.04 16.94 -- t

'
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Table 4.4. Statistical Summary for Hysteresis Sorbing from 0.5 MPa-Water Content
(ccm/ccm)

Matric Potential (MPa) ;

0.10 0.025 0.050 0.100 0.300 0.500 [
# Repetitions 10.0 10.0 10.0 10.0 10.0 10.0

,

Mean 0.1317 0.1254 0.112 0.1017 0.0917 0.0838

Coefficient 0.0106 0.0191 0.0190 0.0219 0.0278 0.0248
Variation i

Minimum 0.1250 0.1074 0.1021 0.0919 0.0829 0.0753

Median 0.1319 0.1287 0.1113 0.1003 0.0887 0.0842

Maximum 0.1366 0.1334 0.1241 0.1132 0.1048 0.0958

Table 4.5. Statistical Summary for Hysteresis Serbing from 0.5 MPa-Relative
Saturation (%).

Matric Potential (MPa)

0.01 0.025 0.050 0.100 0.300 0.500

# Repetitions 10.0 10.0 10.0 10.0 10.0 10.0

Mean 92.77 88.30 78.88 71.70 64.74 59.08

Coefficient 0.805 1.43 1.8 2.35 3.38 2.54
Variation

Minimum 87.78 79.85 72.25 62.83 54.32 51.46

Median 92.85 89.47 78.57 71.99 64.35 61.15

Maximum 96.46 92.32 84.25 78.09 78.92 65.93
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samples, where significant air entrapment occurred only after saturation levels greater than 70% )
of the effective porosity were achieved upon imbibition. :
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Figure 4.1. Molsture retention curves for ALT with a single
hysteresis scanning curve at 20' C.

A second set of hysteresis scanning curves (Figure 4.3) were produced by reversing the order
of applied pressure steps immediately upon sorption equilibration of the main wetting curve at .01
MPa. The scanning curves are seen to reflect the imbibition curve and indicate the same closed- 1

loop behavior found by Lenhard et al. (1991). Such behavior implies that very little additional air ;
entrapment occurred during this cycle of wetting / drying / wetting. A summary of water content and
relative saturation data for the last set of scanning curves can be found in Tables 4.6 and 4.7.
Complete data sets for moisture retention at 20 C, including all hysteresis scanning curves, can be
found in Appendix A Tables Al through A6.

Comprehensive moisture characterization data were collected at 20 C before the moisture
extraction vessel method was applied at first 45 C and then 5* C. During the process of oven-
drying and resaturation for these repeated experiments, it is possible that small clay particles or
bacteria were dislodged within the rock matrix, although there was no physical evidence of this
explanation. This " flushing" phenomenon was most likely the cause of the apparent increase in
effective porosity, from an initial porosity of 0.1463, as exemplified by the hysteresis data in Table
4.4, to 0.1660 for the data obtained at 20' C, and to approximately 0.1740 for the data obtained at
both 45' and 5' C. Statistical summaries for water content data at these last two temperatures can
be found in Tables 4.8,4.10; statistical summaries for relative saturation are listed in Tables 4.9

Section 4 4-6 NUREG/CR-6458
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and 4.11. Complete sets for data at 45' C can be found in Tables A7 and A8; complete sets for
data at 5* C are presented in Tables A9 and A10.
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Figure 4.2. Representative characteristic curves for unconsolidated porous
media: (A) Oakley sand, (B) Aiken aggregates (from Stonestrom

and Rubin,1989).

To determine where the increased moisture may be stored within the matrix material, a pore-
size distribution analysis was done based on data from the three temperature sets. Figure 4.4 is
a graph of the moisture retention curve at 20' C with the pore size classes sketched in. The point
of division for pore classes was determined by the change in slope of the desorption curve, the
assumption being that a class of smaller pores will require a detectable decrease in matric
potential. For this somewhat subjective determination, the average pore radius was calculated for
each size range based on the mean water content for each range. Note that step sizes in water
content only reflect the number of pores within each size range. The step size associated with the
class one pores is approximately 0.0240 for data at 20* and 0.032 for the other temperature data
sets. The step size associated with class two pores is approximately 0.06 for the data at 20 and
0.08 for the data at the other temperatures, for which the " flushed" cores had an increased water
content. The apparent increased step size, smaller for class one pores than for class two pores,
indicates that most of the extra moisture was probably held in the pores of class two size range.
Using the well-known relationship:
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-20r= (4,1) ;
pigh,

where r is pore radius [m], o is surface tension [N/m], g is gravity [N/kg), p is density of water
3[kg/m ], and h,is potential in meters, the average pore size radius for each class can be calculated.

The average pore radius for the class one group falls in the range of 2.1 to 3.1 gm; for the class
two group, .55 to .795 um; and for the class three group of the 20* data, approximately .1 gm.
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Figure 4.3. Moisture retention curves fo: ALT with
hysteresis scanning loop at 20*.

4.2 MODELING RESULTS

Desorption data from experiments at 5* ,20 , and 45' C were fitted using the curve-fitting
model RETC, as revised by van Genuchten et al. (1991). In each case, the variable MTYPE was
set at one, which applies Mualem's model, as defined by Equation (10), with variable m and n. For
this study, only retention data were entered as input. Of the seven parameters for which initial
input was required, the model held the input value as constant for residual water content [WCR),
pore-connectivity [L] (i.e., Mualem's parameter I), and saturated hydraulic conductivity [K]. WCR
was set to zero, and saturated K was set to 0.0004,0.0006, and 0.0002 meters per day for data at
20* ,45* , and 5* C, respectively. While Mualem (1976a) found 1 [L] to be approximately 0.5 for
most soils, the tortuousity factor for the matrix material studied here is expected to be greater than
that for soils, and the pore-connectivity value lower. When the RETC model was applied to

Section 4 48 NUREG/CR-6458
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Table 4.6. Statistical Summary for Hysteresis Imop at 20 C, Desorbing to/
Absorbing from 0.5 MPa, Water Content (ccm/ccm).

Matric Potential (MPa)

0.10 0.025 0.050 0.100 0.300 0.500

Desorption:

# Repetitions 10.0 10.0 10.0 10.0 10.0--

Mean 0.1261 0.1215 0.1056 0.0798 0.0685--

Coefficient 0.0128 0.0135 0.0180 0.0159 0.0134 )
--

Variation

Minimum 0.1190 0.1132 0.0944 0.0733 0.0639s --

Median -- 0.1257 0.1217 0.1055 0.0802 0.0688

Maximum 0.1335 0.1297 0.1146 0.0865 0.0726--

Absorption:

# Repetitions 10 10 10 10 10 10

Mean 0.1391 0.1298 0.1112 0.1007 0.0739 --

Coefficient 0.0126 0.0133 0.0162 0.0111 0.0126 --

Variation

Minimum 0.1320 0.1207 0.1029 0.0954 0.0694 --

Median 0.1377 0.1301 0.1117 0.1012 0.0743 --

Maximum 0.1490 0.1382 0.1201 0.1055 0.0780 --

,
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Table 4.7. Statistical Summary for Ilysteresis loop at 20' C, Desorbing to/ . j,

j Absorbing from 0.5 MPa, Relative Saturation (%)

! ;

Matric Potential (MPa) !
'

O.10 0.025 0.050 0.100 0.300 0.500 ;

Desorption:

10.0 10.0 10.0 10.0 10.0 |# Repetitions --

Mean 74.79 72 06 62.67 47.33 40.66--

;

Coefficient - 0.0067 0.0102 0.0171 0.0157 0.0154 i
Variation :

Minimum 71.69 68.32 56.97 44.24 38.49 ]
--

Median 75.09 72.30 62.61 46.98 40.80- - -

Maximum 77.27 76.41 69.30 50.86 44.30--

:
Absorption: ;

,

# Repetitions 10 10 10 10 10 :--

Mean 82.95 76.99 65.97 59.74 43.88 --

Coefficient 0.0063 0.0096 0.0142 0.0092 0.0149 --

Variation

Minimum 79.52 72.71 62.10 57.57 41.45 --

Median 83.48 77.44 64.23 59.18 43.95 --

Maximum 84.70 80.02 69.67 62.56 47.79 --

|

l
.
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Table 4.8. Statistical Summary for Water Contents (ccm/ccm) at 45' C.

Matric Potential (MPa)

0.10 0.025 0.050 0.100 0.300 0.500

Desorbing:

# Repetitions 20.0 20.0 20.0 20.0 20.0 20.0

Mean 0.1698 0.1671 0.1592 0.1211 0.0703 0.0683

Coefficient 0.0356 0.0392 0.0304 0.0181 0.0116 0.0091
Variation ]

Minimum 0.1485 0.1447 0.1429 0.1073 0.0619 0.0622

Median 0.1616 0.1594 0.1493 0.1210 0.0710 0.0684

Maximum 0.1687 0.1680 0.1589 0.1456 0.0748 0.0727

|

l

Table 4.9. Statistical Summary of Relative Saturations at 45 C.

I
Matric Potential (MPa)

0.10 0.025 0.050 0.100 0.300 0.500

Desorbing:

# Repetitions 20.0 20.0 20.0 20.0 20.0 20.0

Mean 92.51 91.07 85.70 69.47 40.32 39.16

Coefficient 0.0082 0.0086 0.0070 0.0116 0.0116 0.0091
Variation

Minimum 85.19 83.01 81.96 61.56 35.51 35.68

Median 93.21 91.67 85.33 69.43 40.82 39.40

Maximum 96.78 96.36 91.17 83.52 42.94 41.72
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Bandelier Tuff, L ranged from .49 to -1.1 (van Genuchten et al.,1991). After experimenting with
the model, the parameter L was set to 0.3, and a better fit was accomplished. The other
parameters were allowed to vary as needed by the curve-fitting process. Table 4.12 lists the RETC
parameters ultimately used to fit the data for the three temperatures.
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Figure 4.4. ALT characteristic curve at 20' with pore class
designations sketched in.
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4.2.1 Moisture Retention Curves i
l

Results of the RETC model for data at each experimental temperature of 20 ,45* , and 5- i
are plotted with the mean empirical values for water content at their corresponding matric j
potentials. Data for all three temperatures were collected at matric pressure equivalents of 0.01,

|
0.025, 0.05, 0.1, 0.3, and 0.5 MPa, while additional data were collected at 20 C for equivalent '

pressures of 2.73,14.2, and 23.6 MPa. The fitted desorption curve at 20 C is shown with the
associated observation points in Figure 4.5. The goodness-of-fit is designated by an R squared of
0.9965. Fitted values and observations at 45 and 5 C are plotted in Figures 4.6 and 4.7. Again,
goodness-of-fit is designated by R-squares of 0.9921 and 0.9954 for results at 45 and 5 C, I

respectively.

Changes in pressure head due to temperature changes are generally predicted based on a
solution proposed by Philip and de Vries (1957), employing a temperature coefficient of pore water
pressure head contingent upon temperature-dependent changes in the surface tension of pure
water. Several researchers, including Haridasan and Jensen (1972), Wilkinson and Klute (1962),
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Table 4.10. Statistical Summary of Water Contents (ccm/ccm) at 5' C.,

.

Matric Potential (MPa)

0.10 0.025 0.050 0.100 0.300 0.500

Desorbin?:

# Repetitions 20.0 20.0 20.0 20.0 20.0 20.0

Mean 0.1732 0.1690 0.1613 0.1226 0.0854 0.0769

Coefficient 0.0095 0.0092 0.0080 0.0115 0.0078 0.0074
)Variation i

i

l

j Minimum 0.1541 0.1509 0.1436 0.1104 0.0778 0.0712
'

Median 0.1738 0.1711 0.1621 0.1213 0.0861 0.0777'

Maximum 0.1836 0.1783 0.1725 0.1377 0.0888 0.0805 |
!

I

I

Table 4.11. Statistical Summary of Relative Saturations (%) at 5' C.
'

!

Matric Potential (MPa)

; 0.10 0.025 0.050 0.100 0.300 0.500

Desorbing:

# Repetitions 20.0 20.0 20.0 20.0 20.0 20.0
<

Mean 99.09 96.68 92.31 70.16 48.93 44.05

Coefficient 0.0025 0.0055 0.0056 0.0098 0.0118 0.0122
Variation

Minimum 95.76 88.71 88.36 63.37 44.48 39.91

Median 99.56 97.52 92.81 70.14 49.17 44.25

Maximum 99.99 98.75 96.02 75.76 54.30 49.60
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Table 4.12. RETC Model Parameters, j
|

Case 20' 45' 5-

WCR .0000 .0000 .0000

|WCS .1640 .1708 .1724

ALPHA 1.094 2.322 2.535 |

N 1.651 5.412 15.83

M .2024 .0759 .0212

L .3000 .3000 .3000

K .0004 .0006 .0002 !

R .9965 .9921 .9954 |2

|

Table 4.13. Statistical Summary for Intrinsic Permeability at 20' C (m sq).

Matric Potential (MPa) :

0 (sat) .010 .025 .050 .100

# Repetitions 10 5 2 3 13

Mean 1.81E-15 4.15E-15 6.95E-17 1.78E-17 6.29E-18

Coefficient 7.45E-01 8.64E-02 6.48E-03 8.30E-01 2.90E-01
Variation

|

|Minimum 3.05E-16 7.33E-16 6.90E-17 2.76E-18 9.19E-19

Median 4.30E-16 1.21E-15 6.95E-17 3.22E-18 3.20E-18

Maximum 1.39E-14 1.53E-15 6.99E-17 4.73E-17 2.44E-17 |
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and Hopmans and Dane (1986) found the solution inadequate to predict the changes in pore
pressure head which occurred with increases in temperature. Hopmans and Dane suggested that
neither changes in the volume of entrapped air nor the effects of chemicals in the pore solution
on surface tension could completely explain the significant effects of temperature on moisture
retention curves. Nevertheless, predictions of the change in matric potential for a given water
content with change in temperature invariably give an increase in potential with increase of
temperature.
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Figure 4.5. Moisture retention curve at 20*. RETC-calculated

versus mean laboratory measured values.*

For this experiment values from all three temperatures were plotted as a function of relative
saturation for comparison in Figure 4.8. As expected, a temperature increase from 20* to 45'
Centigrade caused the moisture retention curve to shift distinctly to the left, so that the potential
at a given water content also increased. The close clustering of points representing different
temperatures at the highest matric potentials is not unreasonable. Working with soils, Wilkinson
and Klute (1962) and Haridasan and Jensen (1985) found relatively small differences with
temperature in water contents near saturation. For the Apache leap Tuff samples, temperature
effects began to become apparent at approximately 93% relative saturation. It is readily observed
that values for retention at 5* C represent water contents at matric potentials considerably higher
than were expected. The points representing 5* C retention values should lie to the right of those
points representing 20 C retention values. One cause for the discrepancy is experimental error,
which may have been caused by an inability to detect the true point of water content equilibrium
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for a given pressure step. The small, continual losses accrued during efforts to attain equilibrium i
may have_resulted in water contents considerably lower than expected. ;

!
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Figure 4.6. Moisture retention curve at 45' C. RETC-calculated and i
mean laboratory-measured values. |

4.2.2 Hydraulic Conductivity Curves I

The experimental values of hydraulic conductivity, used both for RETC model input as i
'

saturated hydraulic conductivity and for comparison with calculate K's, were obtained from ' outflow
measurements taken at 20' C. Table 4.13 shows a statistical summary of hydraulic conductivity in i

2the form of intrinsic permeability, k [m ]. An examination of Table A.11 (the complete list of
saturated permeability data) reveals that, out of ten samples, nine had values on the order of 10-!6.

In this case, the median is a more representative value of the central tendency than the arithmetic
mean. The general trend of the measured hydraulic permeability is to decrease less than an order
of magnitude with each pressure step increase, with the exception of the first step at .01 MPa. At
that pressure, only one sample appeared to exhibit the expected permeability rate (Table A.12),
while other samples were measured at rates of one to two orders of magnitude higher. Air trapped
in the Tempe cell may result in apparently greater magnitude of outflow. Trapped air may also
block outflow, causing considerable underestimation of the magnitude of the outflow rate. It is
expected that measurement error had significant impact on the observed unsaturated hydraulic
permeability data.
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The RETC model incorporates the measured saturated hydraulic conductivity to ultimately
calculate a value of K(0) for each value of moi::ture content and potential calculated during the
generation of the moisture retention curve. The calculated values of K,in meters per second, are
plotted with the observed values against moisture content in Figure 4.9. for data at 20 C. With
the exception of the anomalous point associated with the .010 MPa pressure step, the remaining
observed values, although consistently lower, follow the trend of the fitted hydraulic conductivity
curve. For the purpose of evaluating the observed 'and/or the calculated hydraulic conductivities,
both sets of values were also plotted with Apache leap Tuff K data observed by Rasmussen et al.
(1990) in Figure 4,10. The remarkable agreement between the observed data from Rasmussen et
al. and the model-calculated K's indicates that the observed data from this experiment contained
measurement error and that the model-calculated curve provided a reasonable description of
unsaturated hydraulic conductivity for Apache Leap Tuff at 20' C. Note that, although the model
calculates K for the entire range of moisture contents,' values are plotted above 0.08, the
approximate moisture content associated with the 0.5 MPa potential which was the limit for liquid
flow for this experiment.

-

The viscosity ratio was the predictive method chosen for this investigation, and Equation (14)
values. The resulting estimations are plotted with the calculated '

was applied to calculated K
hydraulic conductivities at 2h and 45'C in Figure 4.11. It is obvious that the predictive curve
underestimates K by as much as one order of magnitude for pertinent relative saturations of 5043
to 100% While Hopmans and Dane (1986) and Haridasan and Jensen (1972) found good
correlation between observed hydraulic conductivities and predictions based on viscosity ratios,
Constantz (1982) and other researchers (Nimmo,1983) also found a temperature dependence for

,
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i

K(0) at least one order of magnitude larger than that predicted by the temperature dependence
of the viscosity of water. The viscosity ratio was not applied to the K values calculated from the !

obviously erroneous 5 retention data.
;
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Figure 4.8. Comparison of retention curves at 5,20, and 45' C:
relative saturation versus matric potential.
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j 5. CONCLUSIONS AND RECOMMENDATIONS !
2 i

.
,

1 The first set of moisture retention curves at 20'C have some notable characteristics. The
'

divergence of the main imbibition curve from the main drying curve at the lowest water contents, !

distinctly greater that that observed with most granular porous media, may have been caused by |,

a small amount of vapor sorption prior to the onset of fluid flow at 0.5 MPa. The very small !,

! cmount of clay particles contained in the matrix material results in greatly reduced specific surface !
cnd number of available ions. Both of these factors have an influence on vapor adsorption and

'

,

1 diffusion (Jackson,1964; Grismer,1987). The broader, blunter sigmoidal shape of retention curve
! sets associated with tuff and other rock samples can be attributed to air entrapment during the
i wetting process. This is due to the smaller and more variable pore sizes, the increased tortuousity,

i and the lower permeability of the rock matrix. -

i The first wetting hysteresis curve indicates a tendency to close with the main drying branch.
,

j The occurrence of significant air entrapment is apparent. It is most likely due to high relative
j saturation, in part preserved by initiating imbibition at 0.5 MPa. The second set of hysteresis
| scanning curves definitely exhibited the characteristic closed loop behavior previously observed in
' granular porous media (Ienhard et al.,1991). While the first scanning curve exhibits the effects

of significant air entrapment, the behavior of the second set of curves implies that very little
additional air entrapment occurred during the cycle of wetting / drying / wetting. The volume fraction
of entrapped air is largely dependent on the degree of saturation of the sample during imbibition,
where greater air entrapment occurs at higher levels of relative saturation.

A curve-fitting model and the RETC program for analyzing and predicting hydraulic matrix
properties were developed by van Genuchten (1985) and modified by van Genuchten et al. (1991).
The _model curves depicting moisture retention relationships showed good correlation with
measured data for each temperature, indicating satisfactory application of the RETC program to
consolidated, low-permeability material such as tuff.

The expected shift of the retention curve toward a higher matric potential was apparent when
comparing the fitted 45' C data with the fitted 20' C data. This effect has long been suspected to
be caused primarily by the decrease in surface tension of water with increase in temperature
(Nimmo,1983). Physically, this means that, at a higher temperature, the same amount of moisture
can be held within the porous media at significantly less matric pressure than it was held at a lower
temperature. This definition requires isothermal conditions. While the presence of a thermal
gradient demands special attention to the effects of entrapped air (Nimmo,1983; Hopmans and
Dane,1986), expansion effects of entrapped gases due to thermal changes need not be considered
under isothermal conditions. Nevertheless, care was taken (i.e., vacuum-saturation, de-aired
solution) to reduce. trapped gases which might expand upon release of pressure when samples were
removed for weighing.

Confidence in the results of the experiment at 20* C precludes any confidence in the results
of the experiment performed at 5* C. Other than nonequilibration, there is no readily apparent j

cause for the shift of the moisture retention curve toward a lower potential when the shift should
have been to the right, toward a higher potential with temperature decrease. Samples were
weighed regular.y to monitor moisture mass loss, the cessation of which was the signal that samples
had reached equilibrium. At 5* , samples required from 5 to 28 days per pressure step to reach
equilibrium, often with consistent losses of only a few hundredths of a gram per day. Water vapor !

flux was not expected to be important at 5* C. Equilibration was expected to take somewhat longer

NUREG/CR-6458 5-1 Section 5
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et the lower temperature, but the much longer time periods may have allowed other factors to
affect the process.

The only comparison of hydraulic conductivity curves of interest from this study involve those
et 20' and 45' C. The RETC-calculated curves exhibit a shift toward the left with increase in
temperature, giving a higher conductivity for a given water content as expected. This effect has
been attributed primarily to changes in water viscosity with change in temperature (Constantz,
1982; Hopmans and Dane,1986). The inverse relationship of viscosity to hydraulic conductivity
is commonly employed to predict hydraulic conductivity at new temperatures. As it did in this
study, the viscosity ratio method frequently underestimates the changes in K with temperature.
Constantz (1982) suggested that the temperature dependence of soil water or saturation extract
viscosities may have a greater temperature coefficient than that of free water. Furthermore, at
higher temperatures, water vapor may be more important to total isothermal fluid flux in
unsaturated media than has previously been allowed.

1

Primary application of the information generated from this study is to modeling efforts. The
relationship of temperature to fluid flow behavior in rock must be incorporated into any j

comprehensive analysis of unsaturated flow regimes affected by heat sources such as the projected
nuclear repository at Yucca Mountain. A realinic assessment of the altered environment requires
the identification of truly representative model input parameters and boundary conditions. ;

Accurate hydrologic characterization is difficult to achieve under the best field conditions, and in ;

rock the process is even more challenging. There has been interest shown in experiments where
heaters are used to generate thermal gradients under field conditions. Data from this study may
offer a useful comparison when such field experiments are realized.

Several recommendations can be made concerning the methodology used for the hydraulic
characterization experiments. Equilibration time is a function of the :;quare of the sample height i

(Klute,1964). Because of the lengthy equilibration time required for low-permeability material |
such as tuff, core sample height should be as small as possible without compromising the theory I

of a representative elementary volume. In addition to the admonition of Klute (1986) to clamp off
the outflow tubes of the pressure plate extraction vessel during depressurization to prevent
backflow, it is highly recommended that outflow tubes also be removed from contact with any
solution. ;

|

Rock has a low capacity for thermal conductance. Therefore, samples should be saturated ;
I. at the temperature of interest, if possible, prior to the onset of the new experiment. Covering

samples loosely within the pressure extraction vessel will reduce potential vapor losses during
longer equilibration times, especially at higher temperatures where it is more difficult to maintain
sufficiently high saturated vapor pressures. Outflow measurements can be difficult to obtain using
a permeameter /Tempe cell set-up due to frequent problems of air entrapment within the cell. Air
accumulating in the bottom of a Tempe cell may artificially increase the measured outflow of the
sample, or it may block outflow. Utilization of wide rubber strips and judicious use of O-ring
grease on seals will reduce leaks. The peristaltic pump used to purge the cell and tubing of air
must be run at slow speed to prevent back pressure on the sample (Klute,1986).

Section 5 5-2 NUREG/CR-6458



6. SUMMARY

laboratory methods traditionally applied to granular or fine-grained porous media were
employed to define matrix hydraulic properties for low-permeability tuff core segments. Moisture
content /matric potential relationships, including hysteresis, and measured saturated and unsaturated
hydraulic conductivity data were determined at a constant laboratory temperature of 20'C.
Hysteretic air entrapment was found to be largely a function of the relative saturation of the media
during imbibition, where a higher volume fraction of trapped air occurs when saturation is relatively
high.

;

;

To investigate the effects of temperature on moisture content /matric potential and moisture ;
content / hydraulic conductivity relationships, additional moisture retention data were obtained at
45* and 5 C. Measured retention and hydraulic conductivity data were applied to the van
Genuchten model RETC, which performs curve-fitting and calculation of the flow parameter

;

hydraulic conductivity, K. Although data at 5' proved to be inconclusive, an increase in j
,

temperature from 20 to 45' C showed a distinct shift of the moisture characteristic curve toward :

a higher (less negative) potential at a given water content. Model-calculated hydraulic conductivity
curves also showed evidence of the effect of a temperature increase by shifting toward a higher !

conductivity for a given water content. The inverse relationship between hydraulic conductivity and 1

water viscosity was used to predict K at the higher temperature. It was apparent that, in itself, the
temperature-dependent change in the viscosity of water was inadequate to explain the increases of
hydraulic conductivity with temperature.

i

l

i

l
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APPENDIX A

LABORATORY-MEASURED MOISTURE RETENTION AND
HYDRAULIC CONDUCTIVITY DATA FOR

l
APACHE LEAP TUFF 1
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Table A.1. Moisture Retention Data for Apache leap Tuff at 20 C.
7

i

Desorption: [

'
Sempic # ' Matric Potcotial (MPa)

.010 .025 .050 .10 .30 .50 2.73 14.24 23.57 :
0701 0,1555 a1547 a1503 a1361 a1141 a0919 a0567 a0270 a02W
0702 a1679 R1673 a1637 a1507 a1151 a0911 a0584 a0294 a0224- -

0703 a1430 a1423 0.1426 a1341 R1041 a0892 a0613 a0311 a0237
0704 0,1544 R1536 R1494 R1299 a0944 a0812 a0614 a0287 nnm t

0705 a1569 a1560 R1544 RJ455 R1111 a0954 a0578 RG294 E0225 ,

0706 R1676 a1665 R1591 a1425 0J040 a0833 a0571 RG281 QG217 ~ !

$ 0707 0.1527 a1523 E1513 a1409 0.1153 a0953 a0607 a0301 a0230 !
0708 a1497 a1488 0,1453 a1208 a0905 R0777 R0626 G0314. &G239

0709 0.1639 0.1623 a1597 a1495 al209 a0970 &O565 a0285 a0214 !

0710 a1594 R1588 a1548 0.1391 R1118 a0913 Q0553 a0286 a0225
0711 a1607 a1586 0.1551 a1370 0.1253 a0884 a0608 a0345 &O251

0712 R1625 a1599 R1542 0.1424 R1114 a0795 a0540 a0294 a0213 |

0713 R1688 R1667 a1627 0.1433 a1283 a0855 a0544 a0299 a0225
0714 a1617 R1600 0.1556 R1434 a1202 a0879 R0553 a0300 a0220 ;

0715 0.1672 a1658 a1620 R1423 a1103 a0829 a0604 a0333 a0244 !

0716 a1740 a1695 a1623 'a1394 a1148 E0006 a0570 a0306 a0224 l

0717 R1630 0.1606 a1532 a1371 R1047 a0759 a0543 R0292 E0216 |
2 0718 0.1618 a1606 0.1554 a1425 'R1148 a0813 0.0597 a0325 kC"O !

@ 0719 a1582 a1559 a1473 R1331 0.1059 R0793 a0557 a0316 40230

g 0720 a1740 a1722 a1660 a1429 a1071 a0813 a0576 a0309 a0220 !

h
?, ;

l g ,

M !
l

i
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n
g Table A.I. (Continued)
M

Absorpoon: !

SAMPLE # Matric Potential (MPa)
.010 .025 .050 .30 .30 .50 2.73 14.24

,

0701 - - - - - R0506 a0249 R0221
0702 - - - - - a0547 R0272 a0242
0703 - - - - - a0561 a0282 a0250 !
0704 - - - - - a0560 a0266 a0234
0705 - - - - - a0622 R0278 a0245
0706 - - - - - a0620 0.0265 R0237

& 0707 - - - - - R0581 R0283 a0250
.

0708 - - - - - a0555 a0293 a0261 ,

0709 - - - - - a0574 a0270 a0236 !

0710 - - - - - a0529 a0268 R0243
0711 0.1327 al276 0.1174 a0996 a0785 R0664 a0310 a0269 !

0712 a1345 R1279 0.1111 a0878 n0683 a0573 a0264 0.0233
'

0713 a1419 0.1323 0.1153 R0940 a0713 n0621 a0280 a0245
0714 a1291 0.1233 R1101 a0908 a0720 a0609 0.0274 R0240 !

!0715 a1365 0.1308 0.1198 0.0996 0.0806 a0720 R0303 0.0265

0716 0.1455 R1371 R1198 a1003 R0855 a0707 a0278 a0245
0717 0.1282 a1227 a1060 a0858 0.0711 a0607 a0268 a0236
0718 0.1329 0.1274 0.1139 0.0908 a0729 a0627 a0285 a0250
0719 0.1309 a1255 0.1145 a0943 a0747 a0660 a0288 R0251

> 0720 al430 al366 0.1228 a1005 a0758 a0641 a0284 a0248 :m '

H

h
>
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> Table A.2. Relative Saturation Data for Apache leap Tuff at 20 C.

|

Desorptiosu
;

Sample # Matric Potential (MPa) !

.010 .025 .050 .10 .30 .50 2.73 14.24 23.57
'

0701 % 41 93.93 91.26 8244 69.28 5180 34.43 E39 12.57
'

0702 % 66 % 32 % 24 %% % 26 52.45 33.62 E93 12.90
'

0703 % 56 % 08 % 29 90.55 '7&29 6&23 41.39 21.00 E00
0704 % 26 9176 93.14 8&99 58.85 5&62 3&28 17.89 13.83

f0705 % 67 96.12 9113 89.65 6&45 5&78 3161- 18.11 13.86

0706 94.21 93.59 89.43 80.10 S&46 % 82 32.10 15.80 12.20 - i

Y 0707 97.08 % 82 96.19 89.57 73.30 60,58 38.59 19.14 ' 14.62 s

0708 97.14 96.56 % 29 78.39 58.73 5&42 M62 20.38 15.51 ;

0709 97.50 96.55 -95.00 8&94 71.92 57.10 33.61 E95 12.73 ;

0710 9145 95.09 92.69 83.29 % 95 54.67 33.11 17.13 13.47 ,

0711 98.47 97.18 95.04 83.95 76.78 54.17 37.25 21.14 .1538 !

0712 97.77 % 21 92.78 8168 67.03 47.83 32.49 17.69 12.82 [
0713 % 90 9169 93.40 82.26 73.65 49.08 31.23 17.16 ' 12.92 }

+
0714 97.59 % 56 93.90 % 54 72.54 53.05 33.37 18.11 13.28

0715 98.01 97.19 94.96 83.41 6445 48.59 3540 19.52 14.30 |

0716 97.81 9128 91.23 78.36 64.53 4131 32.04 17.20 12.59 !

.0717 98.19 96.75 92.29 82.59 63.07 4172 32.71 17.59 13.01 [

0718 98.54 97.81 % 64 % 78 69.91 49.51 36,36 19.79 14.01g .

C 0719 98.02 % 59 91.26 82.47 6161 49.13 34.51- 19.58 14.25

h 0720 9&36 97.34 93.84 80.78 60.54 4196 32.56 17.47 12.44 :

e !n .;c !

k I

a t

!
3
F
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$
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? Table A.2. (Continued)2
a

Absorption:

Sampic # Matric Potential (MPa)
.010 .025 .050 .10 30 .50 2.73 14.24

- - - - - M72 15.12 13.420701

0702 - - - - - 31.49 15.66 13.93

0703 - - - - - 37.88 19.04 16.88

0704 - - - - - 34.91 1&S8 14.59

0705 - - - - - 3832 17.13 15.10

0706 - - - - - 34.85 14.90 - 1332

Y 0707 - - - - - M94 17.99 15.89
"

0708 - - - - - M02 19.01 1694

0709 - - - - - 34.15 1606 14.04

0710 - - - - - 31.68 1605 14.55

0711 80.57 77.47 71.28 60L47 47.66 40L69 19.00 16.48

0712 77.43 73.63 63.96 50.55 3932 32.99 15.20 14.02

0713 95.81 8933 77.85 63.47 48,14 41.93 18.91 14.06

0714 80.49 76.87 6&64 % 61 44.89 37.97 17.08 14.48

0715 84t0 80.59 73.81 6137 49.66 4436 18.67 15.53

0716 81.79 77.07 67.34 % 38 4&O6 39.74 15.63 13.77

0717 81.50 78.00 6739 54.55 45.20 38.59 17.04 14.22

0718 86.24 82.67 73.91 58.92 4731 M69 18.49 15.23

0719 77.87 74.66 68.11 % 10 44.44 39.26 17.13 15.55

0720 85.63 8L80 73.53 60.18 45.39 3838 17.01 14.02

5
9
e:
x
>

____ _-_ _ _ _______-_ - ___ - _ _ _ _ , _ _ _ _ _ _ ____



1
Table A.3. Hystensis Data for ALT at 20' C, water content, sorbing fkom 0.5 MPa. j

I

I
9-ala # Matric Potential (MPa) |

0.010 .025 .050 .10 .30 .50 |
W21 0.1360 0.1307 0.1114 0.0987 0.0855 0.W85 :

W22 0.1271 0.1191 &1021 0.0919 40829 0.W69
,

0723 0.1328 0.1292 0.1188 0.1096 0.1001 40958 >

0724 0.1261 0.1226 0.1117 R1037 0.1048 0.0852 i

0725 0.1250 0.1074 0.1075 0.1000 0.0880 0.0753 2

0726 0.1365 0.1294 0.1101 0.1007 0.0895 0.0876
0727 0.1311 0.1283 0.1182 0.1089 0.0962 ROS47 )
0728 0.1366 0.1334 0.1241 0.1132 0.1011 &0914 1

0729 0.1308 0.1249 0.1047 &O939 0.0858 0.0838 j
0730 0.1351 0.1294 0.1112 0.0967 0.0836 0.0792 '

.

t

l'

,

i

Table A.4. Hystensis Data for ALT at 20' C, relative saturation, sorbing from
'

O.5 MPa.

Sample # MatricPotential (MPa) .

a010 0.025 .050 0.10 0.30 0.50.

0721 93.21 89.58 76.35 67.65 58.60 53.80

0722 9L18 85.44 73.24 65.93 59.47 55.16
0723 9L40 88.92 81.76 75.43 68.89 65.93

0724 94.95 92.32 84.11 78.09 7& 92 64.16

W25 92.94 79.85 79.93 74.35 65.43 55.99

0726 94.27 89.36 76.04 69.54 6L81 60.50 !
;

0727 92.78 90.80 83.65 77.07 68.08 59.94

0728 92.74 90.56 84.25 76.85 68.64 62.05 ,

0729 96.46 92.11 77.21 69.25 63.27 6L80 l

0730 87.78 84.08 72.25 62.83 54.32 SL46

|

|
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j
Table A.S. Hysteresis Loop Data at 20' C, water content, desorbing to/ absorbing from

0.5 MPa.

;

'
Desorbing:

Matric Potential (MPa)
Sample # 0.01 0.025 0.05 0.10 &30 0.50

i 0711 0.1261 0.1247 0.1131 0.0830 0.0723-

M12 0.1254 0.1209 0.1064 0.0799 0.0684-

: 0713 0.1300 0.1239 'O.1063 0.0006 0.0671-

'
0714 0.1202 &1132 0.0944 0.0733 0.0642 l

-

0715 0.1278 0.1226 0.1029 0.0782 0,0692-

0716 0.1335 0.1270 0.1100 0.0818 0.0699. -

0717 0.1190 0.1146 0.0998 0.0741 0.0639-

0718 0,1234 0.1198 0.1041 0.0783 &O677- '

0719 0.1223 0.1186 0.1048 0.0820 0.0698-

: M20 0.1334 &1297 0.1146 0.0865 0.0726-

!

i Absorbing: I

; Matric Potential (MPa)
: Sample # 0,01 0.025 0.05 0.10 0.30 RSO

! 0711 0.1380 0.1306 0.1137 0.1021 0.0780 -

) 0712 0.1375 0.1276 0.1055 0.0973 0.0729 -

'

0713 0.1458 0.1312 0.1105 0.1012 0.0722 -

0714 0.1335 &l232 0.1029 0.0954 0.0694 -

: 0715 0.1423 0.1345 0.1166 0.1043 0.0753 -

0716 0.1490 0.1355 0.1156 0.1055 0.0753 -

0717 0.1320 0.1207 0.1039 0.0967 0.0697 -

0718 0.1372 0.1296 0.1113 0.1012 0.0738 -

0719 0.1367 0.1270 0.1121 0.0988 0.0748 -

0720 0.1469 0.1382 0.1201 0.1045 0.0779 -

NUREG/CR-6458 A-7 Appendix A
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J

|

Table A.6. Hysteresis loop Data at 20'C, relative saturation, desorbing to/ absorbing
imm 0.5 MPa.

LN |

Matric Potential (MPa)
Sample .010 .025 .050 .100 .300 .500 l

0711 77.27 7&41 69.30 50.86 44.30-

M12 75.45 72.74 R02 4&O7 4L16-

0713 74.63 7L13 6LO2 4 27 3&52 1-

0714 72.54 68.32 56.M R24 38.74-

MIS 74.91 7L86 60.32 45.84 40.56-

0716 75.04 7L39 6L83 45.98 39.29-

0717 7L69 69.04 60.12 R64 3& 49-

0718 75.15 72.% 63.40 47.69 4L23-

0719 75.77 73.48 64.93 50.81 43.25-

M20 75.41 73.32 R78 4&90 4LO4-

Absorbing:
Matric Potential (MPa)

Sample .010 .025 .050 .100 .300 .500

0711 84.56 80.02 69.67 62.56 47.79 -

0712 82.73 76.77 63.48 S&S4 43.86 -

0713 85.70 75.32 63.43 S&O9 4L45 -

0714 80.57 .74.35 62.10 57.57 4L88 -

0715 83.41 7&84 68.35 6L14 R14 -

0716 83.75 76.17 R98 59.30 42.33 |-

0717 79.52 72.71 62.59 S & 25 4L99 -

0718 83.56 7 & 93 67.78 6L63 M 95 -

0719 84.70 7&69 69.45 6L21 R34 -
,

M20 83.04 7&l2 67.99 59.07 R04 -
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Table A.7. Molsture Retention Data for ALT at 45' C, water content (ccm/ccm).'

'
.

|
|. Desorbing:

.

! I
'

Matric Potential (MPa)
| Sample 0(nat) & 01 0.025 & 05 ato 0.30 0.50

i M01 a1845 0.1600 0.1604 0.1499 0.1139 &O628 0.0634

4 16 0. 41505 & 44 &18 0.

; 0704 0.17T1 0.1625 0.1625 0.1511 0.1178 40711 0.0687

{ 0705 a1716 0.1603 OL1575 0.1464 0.1166 0.0719 0.0685

0706 a1832 a1633 0.1598 0.1470 0.1073 0.0681 &0662;
0707 a1699 0.1535 41512 0.1429 0.1128 40691 &O669 !;

! 0708 0.1602 0.1485 0,1447 0.1429 0.1083 0.0666 0.0664 I

j 0709 0.1713 0.1607 0.1580 0,1486 0.1162 0,0710 0.0682

! M10 &1818 41656 a1626 a1487 0.1084 40619 0.0622

i 0711 0.1665 0.1579 0.1561 a1450 0.1246 0.0741 0.0714

i 0712 0.1752 a1648 41651 &1547 0.1288 40720 0.0687 ;

j W13 0.1812 0.1684 &1642 0.1521 0.1210 &O721 0.0683

j M14 0.1722 0.1627 0.1633 0.1487 0.1194 40711 0.0679

i 0715 0.1757 0.1670 0.1659 0.1550 a1256 0.0744 0.0710 -

3 M16 0.1837 0.1679 &1643 0.1538 0.1335 0.0700 0.0681

i M17 0.1716 0.1602 0.1557 0.1451 0.1229 40663 0.0646

; 0718 0.1711 0.1606 0.1591 0.1501 0.1295 &M03 40692
i 0719 0.1662 0.1550 0.1545 0.1454 0.1263 0.0740 &O710

} 0720 0.1794 0.1672 0.1515 0.1567 0.1456 &O748 0.0727

i

|
4

i

!
;

!

|

!
i
1

i
!

!

i
i

$
4

1

1
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; Table A.8. Moistum Retention Data for ALT at 45'C, nlative' saturation (%).
'

| 1

i
\

| Desorbing:

| Matric Potential (MPa)
Sample 0.01 0.025 0.05 - 0.10 030 0.50.

0701 9L'n 92.02 E02 65.37 3605 3637 ;

0702 % 78 % 36 9L17 75.36 39.73 39.98 |
0703 K 15 E32 82.89 R 15 42.57 4L24 1

0704 93.21- 93.21 E68 67.59 4 82 39.41 ,

0705 9L97 9039 83.97 E90 4L24 39.32
0706 93.68 9167 8431 6L56 39.06 37.97. ,

0707 8&O8 E74 8L97 R74 39.65 3839 |

0708 85.19 83.01 8t% 62.12 3&32 38.08
0709 92.18 90.67 85.23 E66 4 73 39.15 |
0710 95.02 93.31 8533 62.18 35.51 35.68

'

0711 90.60 89.55 83.18 7L48 42.52 40.98
0712 94.55 M71 8& 77 73.90 4L30 39.40-
0713 % 62 M20 87.27 69.43 4L37 39.19 ]
0714 93.36 93.68 85.32 68.52 40.82 38.93
0715 95.82 95.16 88.93 72.05 42.70 40.74 I

0716 % 35 94.26 8&24 76.58 4 18 39.06
0717 9L93 8931 83.27 70.54 3&O4 37.06
0718 92.17 9L29 E ll 7431 4 34 39.71
0719 8 & 92 88.62 83.42 72.48 42.43 4 75
0720 95.93 E 95 89.89 83.52 42.94 4L72

.

l

1

.
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!

Table A.9. Moisture Retention Data for ALT at 5* C, water content.

.

M: !5
1

Matric Potential (MPa) '

Sample 0(sat) 0.01 0.025 0.05 0.10 0.30 0.50
0701 0.1839- &1836 & 17 7/ 0.1654 0.1304 0.0818 0.0734
0702 0.1818 0.1812 0.1783 a1725 0.13 71 0.0881 0.M 77
0703 0.1595 0.1592 0.15 75 0.1532 0.1154 0.0866 0.0791
0704 0.1766 0.1749 0.1721 0.1644 0.1189 0.0850 0.0769
0705 0.1705 0.1704 0.1664 0.1608 0.1248 0.0883 &O782
0706 0.1821 0.1794 0.1734 0.1618 0.1201 0.0819 0.0741
0707 OL1686 01662 0.1636 0.1579 0.1203 0.0853 0.0764
0708 0.1610 GL1541 0.1509 0.1436 0.1104 0.0778 0.0712
M09 0.1735 0.1735 &1698 0.1610 0.1211 0.0858 0.07/8
W10 0.1815 0.1781 0.1735 0.1631 0.1150 0.0814 0.0731
M11 0.1684 0.1683 0.1663 0.1600 0.1189 0.0876 0.0792
M12 a1748 01744 0.1717 0.1624 0.1198 0.0882 0.0776
W13 0.1819 0.1771 .0.1707 0.1607 0.1228 0.0857 0.0764
0714 41737 0.1737 0.1715 0.1645 a1314 0.0852 0.0764
MIS 0.1769 0.1739 a1722 0.1648 0.1215 &0884 0.0005 ,

M16 0.1842 0.1832 0.1771 0.1649 0.1276 0.0864 0.0788
,

0717 0.1740 0.1737 0.1706 0.1612 0.1281 0.0820 0.0737 |
,

M18 0.1749 0.1738 0.1715 0.1640 0.1255 &O864 0.0789 I

0719 0.1683 a1683 0.1650 0.1560 0.1186 0.0875 0.0785
0720 0.1800 a1774 0.1597 0.1636 0.1234 &0888 0.0798
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Table A.10. Moisture Retention Data for ALT at 5'C, relative saturation.
,

1

Desorbing'

| Matric Potential (MPa)
i h= ale & 01 & O25 4 05 0.10 0.30 0.50 |

| 0701 99.82 % 63 89.94 70.93 R48 39.91 |

0702 99.67 9&06 M90 75.76 48.44 4172
,

: 0703 99.82 98.74 % 02 72.31 54.30 49.60

1 0704 '99.02 97.48 93.12 67.36 48.14 43.53

1 0'105 99.91 97.55 94.26 73.18 5L77 45.87

1 0706 9&S6 95.23 8&88 65,97 KM 40.67
;

I 0707 98.54 M.00 93.66 7L32 S& 60 45.29
'

| 0708 95.76 93.77 89.18 68.60 4& 35 R20
0709 99.99 97.83 9175 69.79 49.41 M84

0710 98.11 95.58 89.87 63.37 M86 40.29

| 0711 99.99 98.75 95.03 70.63 5102 47.06
'

| W12 99.75 9&18 92.87 68.50 50.46 M37

j 0713 M.38 93.83 8&36 67.51 47.10 42.00

j 0714 99.99 9&68 M69 75.64 49.02 43.97

0715 98.30 97.34 93.19 68.71 49.99 45.51

0716 99.45 96.14 89.51 69.26 4 90 4176

0717 99.82 98.04 92.62 73.59 47.12 42.34

W18 99.35 98.01 93.77 7L74 49.40 45.07

0719 99.98 98.02 92.69 70.50 5L99 4 66

0720 9&S7 88.71 90.90 68.58 49.32 R31
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Table A.11. Saturated Intrinsic Permeability (m sq).

h=al+# k 4

0732 3.05E-16

0735 3.42E-16 j

0736 4.18E 16
'

0737 4.42 & l6
0739 6.02E-16

0740 4.63616
0741 L39E-14
0742 3.74E-16

0744 3.28616
0745 8.76616

!

I
,

Table A.12. Intrinsic Permeability Data for ALT at 20' C.

Matric Potential (MPa)
Sample 0.01 0.025 0.05 0.10

(nel 7.33616 6.99E-17 4.73E-17 2.44517 !

0702

0703 L53614 L13517
0704 4.44518
0705 L30&l7
0706 3.22E-18 ,

(007 L12E-15 2.44E-18

0708 2.71E-18

0709 2.76E-18

0710

0711 9.19E-19

0712 3.12 & l8

0713 6.90E-17

0714

6715 L21E-15
0716 2.40 & l5 4.62E-18

0717 L21E-18

0718 3.20518
0719 6.28E-18

0720 4.10E-18
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APPENDIX B

THERMAL CONDUCTIVITY MEASUREMENTS FOR APACHE
LEAP TUFF: LABORATORY RESULTS

AND PROCEDURES

Because thermal gradients can substantially affect the movement of water as liquid and
v:por in the subsurface, characterization of the moisture-dependent thermal properties of the rock
m trix is important for modeling thermal effects on fluid and solute transport. This section
includes statistical summaries of the laboratory-derived thermal conductivities corresponding to
simples which were used for other experiments included in this report.

To estimate thermal properties of the rock matrix, modifications were made to a new
m;thod (Ashworth,1990) where core segments were " sandwiched" between sets of copper disks
with thermistors and heat exchangers, as shown in Figure B.L The " heat flux meter" of
copper / nylon / copper disks, positioned on the top surface of the core, was the mechanism by which
tha amount of heat flux entering the segment could be measured. A thermal gradient was imposed
vertically through the sample, and the steady-state temperature of the core was evaluated with the
th::rmistor/ copper disk at the core's lower surface. By using materials of known thermal
conductivity and low thermal resistivity where appropriate, Fourier's Law c'an be used to calculate
th::rmal conductivity for core samples of known length.

Table B.1 summarizes the laboratory thermal conductivities for given mean water contents
ct oven dry, saturation, and two intermediate steps. These mean K values are plotted in Figure7
B.2. Table B.2 presents data for individual segments.

,

l
|
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Figure B.I. Apparatus for measuring thermal conductivity of a single consolidated sample.

:
L

Table B.I. Statistical Summary of1hermal Conductivity for Variably Saturated Apache
leapTuff, J/sm C.

Water content (mean, % byvolume)
15.02 (sat) 9.22 2.67 0

# repetitions 10 9 3 9
Mean L899 1.5 74 L382 1.305

Coef. var. 0.0134 0.0193 0.0299 0.0282

Minimum L786 1.47 L341 L168
Median L864 1.54 L341 L289
Maximum 2.027 L703 L465 L533
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Figurt B.2. Graph of thennal conductivity for variably saturated Apache Leap Tuff.

Table B.2. Thermal Conductivity Data for Variably Saturated Apache leap Tuff, J/sm' C.

Water content (mean, % by volume)

Sample # 15.02 (sat) 9.22 2.67 0

0721 L921 L703 L302
0722 2.027 1.676 L465 L389
0723 L947 L470 L168
0724 L827 L507 L356
0725 L855 L525 L533
0726 2,015 L693 L341 1252
0727 L864 L511 L341 L289
0728 L914 L565 L197
0729 L830 L511 L258

0730 L786
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