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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 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 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 of hydraulic conductivity with temperature. 
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I. 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 addressed 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 
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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) have 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 conten* 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 characterization 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), Lindgren 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 
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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 low permeability volcanic tuff at 20 "C; and b) to investigate 

the expected dependence of the relationships of moisture retention and hydraulic 

conductivity on water content for a range of isothermal conditions. 

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 Leap 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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Water flow in partially saturated geologic media is described in one dimension using 

Richards equation (1931) as 

where C(h) is the soil water capacity [m'], 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 [1] may be written in terms of water content as: 

where 0 is volumetric water content [m/m] and D(Q) is the soil water diffusivity [m2/s] 

defined as 

While the moisture retention relationship, 6(h), can be measured with relative ease, the 

unsaturated hydraulic functions of hydraulic conductivity, as K(h) or K(0), and pore 

water diffusivity D(0) are more difficult to obtain. For that reason, several methods have 

been introduced to calculate these functions. 

" -J-CM)-§^+*(21)] 
at az az 

(1) 

( 2 )  

D ( Q )  - (3) 
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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, Se: 

and relative hydraulic conductivity, K,; 

where 6, and 6r represent the saturated and residual water contents, respectively. K, 

proved to be a power function of effective saturation, where a is the fitting parameter. 

Burdine combined his theory of pore size distribution with the relationships shown above 

into a new equation for unsaturated hydraulic conductivity, incorporating tortuousity as 

the exponent in the power function relationship with S„ giving: 

- s: (5) 

(6) 
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In order to minimize the frequent deviations found between measured K(6) curves 

and those predicted from preceeding models, Mualem (1976a) proposed the following 

alternative to Burdine's model: 

where 1 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, I, 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 

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): 

(7) 

i 
(8 )  

h  -  [ a s / ] ' 1  

S9 - [l-t-(aA) (9) 
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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=l-l/n, van Genuchten 

derived a closed-form solution for Mualem's equation [7], resulting in the following 

expression: 

_i 

K r  -  s i l l - i l - s f )  m ] 2  ( 1 0 )  

where 1 is equal to 0.5. A similar form was derived from Burdine's model, 

K z  -  s £ [ l - ( l - s 0
a )  m l  ( 1 1 )  

for 1=2 and m=l-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 of the parameters m and n, by applying them as: i) limited, 

with m(n), as in equations (10) and (11); ii) the case for variable m and n; and iii) n-»<». 

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<2), because K as given by 

equation (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 [Eq. 10] and the variable ra and n case were applied to the data from this study. 

Temperature Effects 

Early research into the effects of temperature on the moisture-holding capacity of 

soils began late 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 for the effects of temperature 

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

H . ^ (12, 
dT a dT ' 

where dh/<3T 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 water [C1]. Experimental results published by Gardner (1955), 

Wilkinson and Klute (1962), and Hopmans and Dane (1985) indeed indicated an increase 

in pressure head with increasing temperature for a given water content. Calculated results 

based on Equation [12], however, consistently underestimated the measured data, by as 

much as several orders of magnitude. On the other hand, Haridasan and Jensen (1972) 
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and Hopmans and Dane (1986) found little or no evidence of temperature effect when 

plotting hydraulic conductivity as a function of matric pressure. This phenomenon was 

attributed to the counteracting effects of temperature on hydraulic conductivity and 

viscosity. Specifically, when temperature increases, hydraulic conductivity increases as 

the viscosity of water decreases, yet, 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 conductivity is defined as: 

where k is the intrinsic permeability [m2], p is liquid density [kg/m3J, g is gravity [m/s2], 

and ft is the viscosity of the liquid [Pas]. The temperature coefficient of the density of 

liquid water, at 10"4 kg/l°C, is expected to have a negligible influence on matric hydraulic 

properties. Therefore, 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 /z with temperature. Constantz (1982) and 

Hopmans and Dane (1985, 1986) employed the viscosity ratio: 

K - (13) 

(14) 
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where KT is the hydraulic conductivity at the temperature of interest, is the hydraulic 

conductivity at the reference temperature, and p* and (ir 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 temperature coefficient 

related to temperature-dependent viscosity may be greater for pore solution than for pure 

water. Constantz also suggests that the contribution of water vapor flux may be 

significant at higher temperatures. Because of the relative ease 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. 

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. 
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The total potential of water, ifrt in a pore water solution is the sum of the 

components gravity potential, i|r„ matric potential, i|r., and osmotic potential, i|ra, and can 

be expressed as: 

where g is gravity [N/kg], z is vertical length, pw [kg/m3] is density of pure water, p is 

matric pressure and II is the osmotic pressure [N/m2] 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, aod, 

because it consists of pure water, the osmotic potential must equal zero. The total vapor 

potential, then, is subject only to vapor pressure and gravitational forces. By substituting 

Pnp, density of water vapor, for pv into a form of the ideal gas law, one gets: 

Substituting Equation [16] into the vapor potential form of Equation [15], yields a form 

• t ~ n) 
P w w 

(15) 

(16) 

which holds for isothermal conditions: 
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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 

i|r,(liq) = i|r,(vap) = gz. Under these conditions, it follows: 

c- -Jj£[lnp s] (18) 

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

expression for C into Equation [17] and set [17] equal to Equation [IS], with results: 

-7- (p-n) - (19) 
P w M pB 

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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III. METHODS AND MATERIALS 

The partially-welded tuffaceous dacite used for the experiments was removed from 

beside the Magma Mine Road, approximately 91.5 meters before the turaoff 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 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 determine the necessary drying 

time. After cooling in a dessicator, the samples were sealed 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 deaired 0.005 M CaSO« solution, 

as recommended by Klute (1986), and weighed again. The saturation set-up is shown in 

Figure 3.2. The technique of vacuum saturating samples with deaired solution greatly 

reduced the occurrence of entrapped air. Porosity and volumetric water content were 

calculated using the relationship: 

0 ( 2 0 j  
P i V  
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FIGURE 3.1: Contour map of Apache Leap Tuff site (from U.S. 
Geological Survey map for Superior, AZ, SE Superior 
15' Quadrangle, revised 1981). 
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FIGURE 3.2: Setup for vacuum-saturating consolidated samples. 
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where 0 is volumetric water content [cmVcm1], m. is mass of the wet sample [g], is 

mass of the dry sample [g], p, is density of water at the temperature of interest [g cm 3], 

and V is the volume of the sample [cm3]. 

The core segments provided data for determining water content/matric potential 

relationships, including a wetting hysteresis scanning curve and a drying/wetting 

hysteresis loop. Also, 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. 

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 
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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-ofT 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 20S-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"* mV for a new 100 kPa 

ceramic plate. Conductance describes the ability of the 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 conductance to average 4x10"® mV. 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 
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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. 

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 is based on the principle that two solutions of non-volatile solutes 

will evaporate/condense from one 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 weeks to 8 weeks. Equilibrium was 

determined by weighing cores at intervals of not less than seven days, and was 
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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(NO})z, zinc sulfate 

heptahydrate, ZnS04 - 7H20, 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% to 30% in excess 

of the amount needed to produce a saturated solution. The solution was stirred to 

dissolve the salts and then allowed to cool to 20°C (Fernando, 1991). 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 

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. 

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 solution of less negative potential than that used for the previous step. 

For sorption pressure steps from .5 MPa to .01 MPa, a modified ceramic pressure plate 

was used, allowing core segments to imbibe deaired solution which had been pumped 



TABLE 3.1: Relative humidity and matric potential for saturated salt solutions 
theoretical and measured (hygrometer) values. 

hydrated 
SALT: Lead nitrate Zinc sulfate Potassium bromide 

RH%: 
theoretical 98 90 84 
hygrometer 97 91 88 

Potei.tial fM?a) 
theoretical 2.73 
hygrometer 4.12 

14.2 
12.8 

23.6 
17.3 
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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. raatric potential 

relationship for Apache Leap Tuff, the same twenty 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 was collected at 5°C and at 45°C. 

Permeameter/Tempe Cell Method 

The outflow method introduced by Gardner (19S6) estimated unsaturated hydraulic 

conductivity by assuming that: i) K remains constant for outflow from a small pressure 

increment applied to the sample, and ii) 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 step. The 

expected low conductance of the tuff core samples [Rahi (1986), Rasmusen, et al. (1990)] 

precludes the incorporation of pressure plate impedance. The outflow method was also 
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used to obtain data for saturated hydraulic conductivity, with slight differences in the 

technique as employed 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 (perraeameter cell, Figure 3.4). This technique allows 

for axial flow, i.e., through the core only. 

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 from the relationship: 

K> - -§ <21> 

where K, is saturated hydraulic conductivity [m/s], Q is outflow rate [mVs], L is sample 

length [m], A is sample area [m2], and H is total head imposed on the sample [m of 

water]. From K, the intrinsic permeability, k» [m2], can also be calculated: 

kw -  (22)  
Pff 
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where fi is water viscosity [Pa s], p is density of water at the temperature of interest 

[kg/m3], and g is acceleration due to gravity [m/s2]. 

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 pressure cell was calculated by directly measuring accumulated outflow 

in a calibrated buret (Figure 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). 

While the original concept of soil water diffusivity was proposed in 1950 by Childs 

and Collis-George, Klute (1964) provides a detailed method of solution based on theory 

applied to experimental measurements. An analytical form of the cumulative outflow 

function, 

was used to calculate a table of values (Klute, 1964) for the quantities log [Dt/4LZ] and 

log [1 - Q(t)/Q(oo)], which were then used to construct a theoretical curve, where Q(t) 

[mVs] is outflow at time t [s], Q(°°) is steady state outflow rate, and D is diffusivity 

[mVs], and L is sample length [m]. On the same type of log-log graph paper, the 

quantity log [1 - Q(t)/Q(oo)) versus log t is plotted for the experimental data. A curve-

matching technique is employed by translating along the log [Dt/4L2] axis only, and 

reading the corresponding value of t from the experimental curve. If w represents the 

011)  8 
rc2 2-" 

» 1 c ; : p  ~(2m+l)2n2Dt 
fa-° (2JI1+1)2 4 L2 

(23 )  
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chosen value of Dt/4L2 and t is the experimental value of time corresponding to the 

chosen value of w, then diffusivity is given by: 

D -  W A£Z  .  ( 24 )  

For sample volume, V [m*], the specific water capacity, C [ml], is expressed by 

C(°°) 
c  ~vSh' ( 2 5 )  

and hydraulic conductivity is given by 

K- DC. (26 )  

Employing the RETC Model 

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 of iterations 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 [Eq. 10] or Burdine's [Eq. 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 
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model, but apply Equation [9] with m= 1-1/n and respectively. For MTYPE 2, 

4, or 6, Equation [9] with variable m and n, m= 1-2/n, or n-»oo, 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 parameters and pore connectivity factor just 

described, the RETC program also requires initial values for residual 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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IV. RESULTS AND DISCUSSION 

Fundamental tnatric characteristics were measured to facilitate the eventual 

determination of hydraulic properties for Apache Leap Tuff. For the twenty core 

segments used in the derivation of the characteristic curves, the average core length was 

2.51 cm, and the average volume was 71.01 cm3 (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. Supplimentary data, 

including procedures, for thermal conductivity is contained in Appendix B. 

Moisture Retention Experiment Results 

As many as twenty 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 three weeks to eight weeks for each solution/equilibration 

pressure, equilibrium was consistently attained after three weeks. The reader is reminded 



TABLE 4.1: Basic information for samples at 20 degrees C 

Sample # Dry Weight Saturated Volume Height Porosity 
GO Weight(g) (ccm) (cm) 

0701 155.80 167.56 7153 2.53 0.1647 
0702 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 15L60 163.60 69.27 2.45 0.1779 
0707 155.05 165.93 69.27 2.45 0.1573 
0708 160.44 171.49 71.82 154 0.1541 
0709 153.16 164.78 69.27 145 0.1681 
0710 148.49 159.85 67.56 139 0.1670 
0711 161.05 172.75 71.82 154 0.1632 
0712 160.62 172.77 73.23 159 0.1662 
0713 161.55 174.48 74.36 163 0.1742 
0714 156.61 16&30 70.69 150 0.1657 
0715 160.59 172.63 70.69 150 0.1706 
0716 159.51 172.31 72.10 155 0.1779 
0717 157.60 169.36 70.97 151 0.1660 
0718 16177 174.68 72.67 157 0.1642 
0719 16&24 180.45 75.78 168 (X1614 
0720 157.72 170.25 70.97 151 0.1769 



TABLE 4.2: Statistical summary of water contents (ccm/ccm) for ALT, desorbing/absorbing at 20 degrees C. 

Desorption: 
# repetitions 
Mean 
Coef.var. 

0 
20 

a 1660 
0.0106 

.01 .025 .050 
Matric Potential (MPa) 

.10 .30 .50 2.73 14.24 23.57 
20 

0.1611 
0.0109 

20 
a 1596 
a0103 

20 
0.1552 
0.0092 

20 
0.1396 
0.0109 

20 
0.1112 
0.0186 

20 
0.0858 
0.0166 

20 
a0579 
a0103 

20 
0.0302 
a0135 

20 
a0226 
0.0108 

Minimum 
Median 
Maximum 

0.1481 
0.1658 
0.1779 

0.1430 
0.1618 
0.1740 

0.1423 
0.1600 
0.1722 

0.1426 
0.0155 
0.1660 

0.1208 
0.1416 
0.1507 

0.0905 
0.1114 
0.1283 

0.0759 
0.0844 
0.0970 

a0540 
a0577 
a0626 

0.0270 
0.0300 
a0345 

a0207 
0.0225 
a0251 

Absorption: 
# repetitions 
Mean 
Coef.var. 

10 
ai355 
aoi4i 

10 
a 1291 
0.0123 

10 
0.1151 
0.0140 

10 
0.0944 
0.0183 

10 
0.0751 
0.0218 

20 
0.0604 
0.0209 

20 
a0278 
aoii3 

20 
a0245 
aoiQ4 

Minimum 
Median 
Maximum 

0.1282 
0.1337 
0.1455 

ai227 
ai277 
0.1371 

0.1060 
0.1149 
0.1228 

a0858 
0:0942 
aioos 

0.0683 
0.0738 
0.0855 

0.0506 
0.0608 
0.0720 

0:0249 
0.0278 
0.0310 

0.0221 
0.0244 
0.0269 



TABLE 4.3: Statistical summary of relative saturations (%) for ALT, desorbing/absorbing at 20 degrees C 

Desorption: 
# repetitions 
Mean 
Coef.var. 

.010 
20 

97.08 
0.0029 

.025 .050 
Matric Potential (MPa) 

.10 .30 .50 173 14.24 23.57 
20 

96.17 
0.0025 

20 
93.55 

0.0043 

20 
84.18 

0.0099 

20 
67.04 

20 
51.82 

0.0178 0l0210 

20 
34.96 

0.0187 

20 
18.25 

0.0188 

20 
13.63 

0.0181 

Minimum 
Median 
Maximum 

94.21 
97.32 
98.54 

93.59 
96.43 
97.81 

89.43 
93.87 
96.29 

78.36 
83.68 
90.55 

58.46 
66.99 
76.78 

45.31 
51.23 
60.58 

31.23 
33.61 
41.39 

15.80 
17.79 
21.14 

12.20 
13.37 
16.00 

Absorption: 
# repetitions 
Mean 
Coef.var. 

10 
83.14 

0.0203 

10 
79.21 

0.0183 

10 
70.58 

0.0188 

10 
57.86 

0.0206 

10 
46.01 

0.0200 

20 
37.08 

0.0222 

20 
17.08 

20 
14.80 

0.0187 0.0167 

Minimum 
Median 
Maximum 

77.43 
81.64 
95.81 

73.63 
77.73 
89.33 

63.96 
69.96 
77.85 

50.55 
57.77 
63.47 

39.32 
46.35 
49.66 

30.72 
37.92 
44.36 

14.90 
17.06 
19.04 

13.32 
14.51 
16.94 

to 
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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 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 twenty samples, with 

the exception of K., which was based on a median value of ten samples. The analysis 

reveals a coefficient of variation of less 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. The 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 of Figure 4.1, the main imbibition curve somewhat 

parallels the main drying curve, except at the lowest water contents, where one can see 

a greater change in pressure head with change in water content for the soiption curve than 

that evidenced by the desorption curve. This phenomenon is consistent with other 

imbibition experiments (Lenhard et al. 1991; Poulovassilis, 1970). As with the moisture 
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FIGURE 4.1: Moisture retention curves for ALT with a single hysteresis 
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retention curves developed for other rock samples (Flint, 19**), 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 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 twenty 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.S). The first scanning curve is plotted in 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 samples, where significant air entrapment occurred only after 

saturation levels greater than 70% of the effective porosity were achieved upon 

imbibition. 



46 

(A) (B) 

0 . 0  0.1 

• = D, DRYING 

+ =W, WETTING 

0 = 0, DRYING 

X=WJ WETTI.'IG 

V = D, DRYING 

0.2 

e 
0.3 0.4 

a 
CM I 

0.2 0.3 0.4 

DRYING 

W, WETTING 

— D, DRYING 

X = ,W, WETTING 

V = D, DRYING 

0.5 0 .6  0.7 

FIGURE 4.2: Representative characteristic curves for unconsolidated 
porous media, (A) Oakley sand, (B) Aiken aggregates. 
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47 

TABLE 4.4: Statistical summary for hysteresis sorbing from 0.5 MPa-
water content (ccm/ccm). 

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

# repetitions 10 10 10 10 10 10 
Mean 0.1317 0.1254 0.112 0.1017 0.0917 0.0838 
Coef.var. 0.0106 0.0191 0.0190 0.0219 0.0278 0.0248 

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 sorbing from 0.5 MPa-
reiative saturation (%). 

# repetitions 
Mean 
Coef.var. 

0.01 0.025 
Matric Potential 

0.050 0.10 
(MPa) 

0.30 
10 

92.77 
0.805 

10 
88.30 
1.43 

10 
78.88 

1.8 

10 
71.70 
2.35 

10 
64.74 
3.38 

<X50 
10 

59.08 
2.54 

Minimum 
Median 
Maximum 

87.78 79.85 72.25 
92.85 89.47 7&57 
96.46 92.32 84.25 

62.83 54.32 51.46 
71.99 64.35 61.15 
78.09 78.92 65.93 
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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-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 was 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, though 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, and for relative saturation in Tables 4.9 and 4.11. Complete 

sets for data at 45 °C can be found in Tables A7 and A8, and for data at 5°C, in Tables 

A9 and A10. 
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TABLE 4.6: Statistical summaiy for hysteresis loop at 20 degrees C, 
desorbing to/absorbing from 0.5 MPa, water content (ccm/ccm). 

Matric Potential (MPa) 
Desorption: .010 .025 .050 .100 .300 .500 
# repetitions - 10 10 10 10 10 
Mean - 0l1261 011215 0.1056 0.0798 0.0685 
Coef.var. - 0.0128 0.0135 0.0180 0.0159 0.0134 

Minimum 0.1190 0.1132 0.0944 0.0733 a0639 
Median - 0.1257 0.1217 0.1055 0.0802 0.0688 
Maximum 0.1335 0.1297 0.1146 0.0865 0.0726 

Matric Potential (MPa) 
Absorption: .010 .025 .050 .100 .300 .500 
# repetitions 10 10 10 10 10 -

Mean 0.1391 0.1298 0.1112 0il007 0.0739 -

Coef.var. 0.0126 0.0133 0.0162 0.0111 0.0126 -

Minimum 0.1320 0.1207 0.1029 0.0954 0.0694 
Median 0.1377 0.1301 0.1117 (X1012 0.0743 -

Maximum 0.1490 0.1382 0.1201 0.1055 0.0780 • 



TABLE 4.7: Statistical summary for hysteresis loop at 20 degrees C, 
desorbing to/absorbing from 0.5 MPa, relative saturation (%). 

Matric Potential (MPa) 
Desorption: .010 .025 .050 .100 .300 .500 
# repetitions - 10 10 10 10 10 
Mean - 74.79 72.06 6167 47.33 40.66 
Coef.var. - 0.0067 0.0102 0.0171 0.0157 0.0154 

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 

Matric Potential (MPa) 
Absorption: .010 .025 .050 .100 .300 .500 
# repetitions 10 10 10 10 10 -

Mean 82.95 76L99 65.97 59.74 43.88 -

Coef.var. 0.0063 0.0096 0.0142 0.0092 0.0149 -

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 -



TABLE 4.8: Statistical summary of water contents (ccm/ccm) at 45 degrees C 

Desorbing: 

# repetitions 
Mean 
Coef.var. 

.010 .025 
Matric Potential (MPa) 

.050 .100 .300 
20 20 20 20 20 

0.164)8 0.1671 0.1592 0.1211 0.0703 
0.0356 010392 010304 (X0181 0.0116 

.500 
20 

0.0683 
(X0091 

Minimum 
Median 
Maximum 

0.1485 
0.1616 
0.1687 

0.1447 
0.1594 
0.1680 

0.1429 
0.1493 
01589 

0.1073 
01210 
0.1456 

0.0619 
0.0710 
a0748 

a0622 
0.0684 
0.0727 

TABLE 4.9: Statistical summary of relative saturations at 45 degrees C 

Desorbing: Matric Potential (MPa) 
.010 0.025 0.05 OlIO 0.30 0L5Q 

# repetitions 20 20 20 20 20 20 
Mean 92.51 91.07 85.70 69.47 40.32 39.16 
Coef.var. 0.0082 0.0086 0.0070 0.0116 O1OII6 0.0091 

Minimum 
Median 
Maximum 

85.19 83.01 81.96 61.56 35.51 35.68 
93.21 91.67 85.33 69.43 40.82 39.40 
96.78 96.36 91.17 83.52 42.94 41.72 



TABLE 4.10: Statistical summary of water contents (ccm/ccm) at 5 degrees C 

Desorbing: 

# repetitions 
Mean 
Coef.var. 

.010 
20 

0.1732 
010095 

.025 
Matric Potential (MPa) 

.050 .100 .300 
20 

0.1690 
0.0092 

20 
0.1613 
0.0080 

20 
0.1226 
0.0115 

20 
0.0854 
0.0078 

.500 
20 

0.0769 
0.0074 

Minimum 
Median 
Maximum 

0.1541 
0.1738 
0.1836 

0.1509 
0.1711 
0.1783 

0.1436 
0.1621 
0.1725 

0.1104 
0.1213 
0.1377 

0.0778 
0.0861 
0.0888 

0.0712 
0.0777 
0.0805 

TABLE 4.11: Statistical summary of relative saturations (%) at 5 degrees C 

Desorbing: 

# repetitions 
Mean 
Coef.var. 

.010 
20 

99.09 
0.0025 

.025 
Matric Potential (MPa) 

.050 .100 .300 .500 
20 

96.68 
0.0055 

20 
92.31 

0.0056 

20 
70.16 

0.0098 

20 
48.93 

0.0118 

20 
44.05 

0.0122 

Minimum 
Median 
Maximum 

95.76 8&71 8a36 63.37 44.48 39.91 
99.56 97.52 92.81 70.14 49.17 44.25 
99.99 98l75 96.02 75.76 54.30 49.60 



54 

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 twenty degrees 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 twenty degrees, 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: 

(27 )  
P isrb, 

where r is pore radius [m], a is surface tension [N/m], g is gravity [N/kg], pw is density 

of water [kg/m3], and bu 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 fim; for the class two group, .55 to .795 pm, and for the class three group of 
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0.18-

class i 

0.1*--

class 2 

0.1-

0.06-

1.0e-03 1.0e+00 1.0e+02 I.UC-WI I.UCTUU 
MATRIC POTENTIAL (MPa) 

— RETC 

FIGURE 4.4: ALT characteristic curve at 20 °C, with pore class 
designations sketched in. 



56 

the twenty degree data, approximately .1 fxm. 

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 was 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 1), 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 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. 

Moisture Retention Curves 

Results of the RETC model for data at each experimental temperature of 20, 45, 

and 5 degrees are plotted with the mean empirical values for water content at their 
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Table 4.12 RETC model parameters 

_ _ O - _ o _ o 
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 

R2 .9965 .9921 .9954 

corresponding matric 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 of0.9921 and 0.9954 for results at 45° and 5°C, 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), 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 
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ate-

ai-

cn 

1.0E-01 I.WVI I.WTIM 

MATRIC POTENTIAL (MP#) 

— RETC + OBSERVED 

FIGURE 4.5: Moisture retention curve at 20°C: RETC-calculated vs. 
mean laboratory-measured values. 
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004-

MATRIC POTENTIAL (MPa) 

—- RETC * OBSERVED 

FIGURE 4.6: Moisture retention curve at 45 °C: RETC-calculated and 
mean laboratory-measured values. 
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ato-

MATRIC POTENTIAL (MPs) 

FITTED + OBSERVED 

FIGURE 4.7: Moisture retention curve at 5°C: RETC-calculated and 
mean laboratory-measured values. 
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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. 

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 twenty to forty-five degrees 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 S°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 for a given pressure step. The small, 

continual losses accrued during efforts to attain equilibrium may have resulted in water 

contents considerably lower than expected. 
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7SEoz 1 1,111 Vat-
MATRIC POTENTIAL (MPa) 

Q 5 DEGREES C + 20 DEGREES C * 45 DEGREES C 

FIGURE 4.8: 
o 

Comparison of retention curves at 5, 20, and 45 C: 
relative saturation vs. matric potential. 



63 

Hydraulic Conductivity Curves 

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

as 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 the form of intrinsic permeability, k [m2]. An examination of 

Table A-ll, the complete list of saturated permeability data, reveals that, out of ten 

samples, nine samples had values on the order of lfr16. 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 0.01 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. 

The RETC model incorporates the measured saturated hydraulic conductivity to 

ultimately calculate a value of K(0) for each value of moisture 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 0.010 MPa pressure step, the remaining observed values, though consistently 



TABLE 4.13: Statistical summary for intrinsic permeability 
at 20 degrees C (msq). 

Matric Potential (MPa) 
0(sat) .010 .025 .050 .100 

# repetitions 10 5 2 3 13 
Mean 181E-15 4.15E-15 6.95E-17 1.78E-17 &29E-18 
Coef.var. 7.45E-01 &64E-02 6.48E-03 &30E-01 2.90E-01 

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 144E-17 
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1E-07: 

1E-04; 

1E-09: 

1E-10= : 

IE-Ill 

1E-12-
0.0S 0.16 0.17 0.1 0.11 0.12 0.13 0.14 0.15 

WATER CONTENT (by volume) 

Caloulated + observed range 

FIGURE 4.9: Hydraulic conductivity at 20°C: RETC-caiculated and the 
range of conductivities measured at water contents associated 
with 4 roatric potentials (from Table 4.13). 
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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 provides 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 O.S 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] was applied to calculated values. The resulting estimations are plotted 

with the calculated hydraulic conductivities at 20° and 45°C in Figure 4.11. It is obvious 

that the predictive curve underestimates by as much as one order of magnitude for 

pertinent relative saturations of 50 to 100 per cent. 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 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 degree retention data. 



67 

.o. 

o.o» 0.11 0.12 0.1J 

WATER CONTENT (by volume) 

CALCULATED + OBSERVED THIS STUDY • OBSERVED, RASMUSSEN 

FIGURE 4.10: Hydraulic conductivity at 20° C: RETC-calculated, observed 
data from this study, and observed data from Rasmussen 
et al. (1990). 
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100 

RELATIVE SATURATION (%) 

• K at 20 degree* C • K at 4S degree* C * Predicted at 4S4eg 

FIGURE 4.11: RETC-calculated hydraulic conductivity at both 20 and 
45 °C, and predicted hydraulic conductivity at 45° C. 
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V. CONCLUSIONS AND RECOMMENDATIONS 

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 than 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 amount of clay particles contained in the matrix 

material results in greatly reduced specific surface and number of available ions. Both 

of these factors have an influence on vapor adsorption and 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 wetting 

process. This is due to the smaller and more variable pore sizes, the increased 

tortuousity, and the lower permeability of the rock matrix. 

The first wetting hysteresis curve indicates a tendency to close with the main drying 

branch. The occurrence of significant air entrapment is apparent. It is most likely due 

to high relative 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 (Lenhard 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 
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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 (198S) 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, deaired 

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 non-equilibration, there is no 

readily apparent 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 regularly to monitor moisture mass loss, 

the cessation of which was the signal that samples had reached equilibrium. At five 

degrees, 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 five degrees Centigrade. Equilibration was expected to 

take somewhat longer at 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 at 20 and 45 degrees Centigrade. 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 

suggested that the temperature dependence of soil water or saturation extract viscosities 

may have a greater temperature coefficient than that of free water. Also, at higher 

temperatures, water vapor may be more important to total isothermal fluid flux in 

unsaturated media than has previously been allowed. 

Primary application of the information generated from this study is to modelling 

efforts. The relationship of temperature to fluid flow behavior in rock must be 

incorporated into any comprehensive analysis of unsaturated flow regimes affected by heat 
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sources such as the projected nuclear repository at Yucca Mountain. A realistic 

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 square of 

the sample height (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 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 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 
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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). 



74 

VI. 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 twenty degrees Centigrade. 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 forty-five degrees and five degrees Centigrade. 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 five degrees proved to be inconclusive, an increase in temperature firom 

twenty to forty-five degrees Centigrade 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 water viscosity was used to 

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

hydraulic conductivity with temperature. 



APPENDIX A 

Laboratory-measured moisture retention and hydraulic conductivity data 
for Apache Leap Tuff. 
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Table A-1: Moisture retention data for Apache Leap Tuff at 20 degrees C -Continued 

Absorption: 

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

0701 - - - - - a0506 0.0249 0.0221 
0702 - - - - - 0.0547 0.0272 0.0242 
0703 - - - - - 0.0561 0.0282 0.0250 
0704 - - - - - 0.0560 0.0266 0.0234 
0705 - - - - - a0622 0.0278 0.0245 
0706 - - - - - 0.0620 0.0265 0.0237 
0707 - - - - - a0581 0.0283 0.0250 
0708 - - - - - a0555 0.0293 010261 
0709 - - - - - <10574 0.0270 0.0236 
0710 - - - - - 0.0529 0.0268 0.0243 
0711 0.1327 0L1276 0.1174 0.0996 0.0785 0.0664 0.0310 0.0269 
0712 0.1345 0.1279 0.1111 0.0878 0.0683 a0573 0.0264 0.0233 
0713 0.1419 ai323 0.1153 0.0940 0.0713 0.0621 0.0280 0.0245 
0714 0.1291 0.1233 anoi 0.0908 0.0720 0.0609 0.0274 0.0240 
0715 ai365 0.1308 0.1198 0.0996 0.0806 0.0720 0.0303 0.0265 
0716 011455 ai371 0.1198 0.1003 0.0855 0.0707 0.0278 0.0245 
0717 0.1282 0.1227 0.1060 0.0858 0.0711 0.0607 0.0268 0.0236 
0718 0.1329 0.1274 0.1139 0.0908 0.0729 0.0627 0.0285 0.0250 
0719 a 1309 0.1255 0.1145 0.0943 0.0747 0.0660 0.0288 0.0251 
0720 0.1430 0.1366 0.1228 0.1005 0.0758 0.0641 0.0284 0.0248 



TABLE A-2: Relative saturation data for Apache Leap Tuff at 20 degrees C 

Sample # 

Desorptioo: 

.010 .025 .050 
Matric Potential (MPa) 

.10 .30 .50 2.73 14.24 23.57 
0701 94.41 93.93 91.26 82.64 69.28 55.80 34.43 16.39 12.57 
0702 96.66 96.32 94.24 86.76 66.26 52.45 33.62 16t93 12.90 
0703 96.56 96.08 96.29 90.55 70.29 60.23 41.39 21.00 16.00 
0704 96.26 95.76 93.14 80.99 58.85 5ft62 38.28 17.89 13.83 
0705 96.67 96.12 95.13 89.65 68.45 58w78 35.61 18.11 13.86 
0706 94.21 93.59 89.43 8ft 10 58.46 46.82 32.10 15.80 12.20 
0707 97.08 96.82 96.19 89.57 73.30 6a58 3&59 19.14 14.62 
0708 97.14 96.56 94.29 78.39 58.73 5a42 40.62 20.38 15.51 
0709 97.50 96.55 95.00 88.94 71.92 57.70 33.61 16.95 12.73 
0710 95.45 95.09 92.69 83.29 66.95 54.67 33.11 17.13 13.47 
0711 98.47 97.18 95.04 83.95 76l78 54.17 37.25 21.14 15.38 
0712 97.77 96.21 92.78 85.68 67.03 47.83 32.49 17.69 12.82 
0713 96.90 95.69 93.40 82.26 73.65 49.08 31.23 17.16 12.92 
0714 97.59 96.56 93.90 86.54 72.54 53.05 33.37 18.11 13.28 
0715 98.01 97.19 94.96 83.41 64.65 48.59 35.40 19.52 14.30 
0716 97.81 95.28 91.23 78.36 64.53 45.31 32.04 17.20 12.59 
0717 98.19 96.75 92.29 82.59 63.07 45.72 32.71 17.59 13.01 
0718 98.54 97.81 94.64 86.78 69.91 49.51 36.36 19.79 14.01 
0719 98.02 96.59 91.26 82.47 65.61 49.13 34.51 19.58 14.25 
0720 98.36 97.34 93.84 80.78 60.54 45.96 32.56 17.47 12.44 



0701 
0702 
0703 
0704 
0705 
0706 
0707 
0708 
0709 
0710 
0711 
0712 
0713 
0714 
0715 
0716 
0717 
0718 
0719 
0720 

TABLB A-2: Relative saturation data for Apache Leap Tuff at 20 degrees C - Continued 

Absorption: 

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

- - - - - 30.72 15.12 13.42 
- - - - - 31.49 15.66 13.93 
- - - - - 37.88 19.04 16.88 
- - - - - 34.*1 16.58 14.59 
- - - - - 38.32 17.13 15.10 
- - - - - 34.85 14.90 13.32 
- - - - - 36.94 17.99 15.89 
- - - - - 36.02 19.01 16.94 
- - - - - 34.15 16.06 14.04 
- - - - - 31.68 16.05 14.55 
80.57 77.47 71.28 60.47 47.66 40.69 19.00 16.48 
77.43 73.63 63.96 50.55 39.32 32.99 15.20 14.02 
95.81 89.33 77.85 63.47 48.14 41.93 18.91 14.06 
80.49 76.87 68.64 5&61 44.89 37.97 17.08 14.48 
84.10 80.59 73.81 61.37 49.66 44.36 18.67 15.53 
81.79 77.07 67.34 56l38 48.06 39.74 15.63 13.77 
81.50 78.00 67.39 54.55 45.20 38.59 17.04 14.22 
86.24 8Z67 73.91 58.92 47.31 40.69 18.49 15.23 
77.87 74.66 68.11 56.10 44.44 39.26 17.13 15.55 
85.63 81.80 73.53 60.18 45.39 3&38 17.01 14.02 



TABLE A-3: Hysteresis data for ALT at 20 degrees C, water content, 
sorbing from 0.5 MPa. 

Sample # Matric Potential (MPa) 
0.010 .025 .050 .10 .30 .50 

0721 0.1360 0.1307 0.1114 0.0987 0.0855 0.0785 
0722 (X1271 0.1191 0.1021 0.0919 0.0829 0.0769 
0723 0.1328 0.1292 0.1188 011096 0.1001 0i0958 
0724 0.1261 0.1226 0.1117 0.1037 0.1048 0.0852 
0725 0.1250 0.1074 0.1075 0.1000 0.0880 0.0753 
0726 0.1365 0.1294 0.1101 0.1007 0.0895 0.0876 
0727 0.1311 0.1283 0.1182 0.1089 0.0962 0.0847 
0728 0.1366 0.1334 0.1241 0.1132 0.1011 0.0914 
0729 0.1308 0.1249 0.1047 0.0939 0.0858 0.0838 
0730 0.1351 0.1294 0.1112 0.0967 0.0836 0.0792 

TABLE A-4: Hysteresis data for ALT at 20 degrees C-relative saturation 
sorbing from 0.5 MPa. 

Sample # Matric Potential (MPa) 
aoio 0.025 .050 0.10 0.30 0.50 

0721 93.21 89.58 76.35 67.65 5a60 53.80 
0722 91.18 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 7&09 7&92 64.16 
0725 92.94 79.85 79.93 74.35 65.43 55.99 
0726 94.27 89.36 76.04 69.54 61.81 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 6105 
0729 96.46 9111 77.21 69.25 63.27 61.80 
0730 87.78 84.08 7125 6183 54.32 5L46 



TABLE A-5: Hysteresis loop data at 20 degrees C, water content, 
desorbing to/absorbing from 0.5 MPa. 

Desorbing: 
Matric Potential (MPa) 

Sample# 0.01 ft 025 0.05 0.10 0.30 0.50 
0711 - 0.1261 ai247 0.1131 0.0830 0.0723 
0712 - 0.1254 0.1209 0.1064 0.0799 0.0684 
0713 - 0.1300 0.1239 0.1063 0.0806 0.0671 
0714 - 0.1202 0.1132 0.0944 0.0733 0.0642 
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 - ft 1234 0.1198 011041 0.0783 0.0677 
0719 - 0.1223 0.1186 0.1048 0.0820 0.0698 
0720 - 0.1334 ai297 0.1146 0.0865 0.0726 

Absorbing: 
Matric Potential (MPa) 

Sample # 0.01 0.025 0.05 0.10 0.30 0.50 
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 0.1232 0.1029 0.0954 0.0694 -

0715 ai423 0.1345 0.1166 0.1043 010753 -

0716 0.1490 0.1355 0.1156 011055 0.0753 -

0717 0.1320 0.1207 0.1039 0.0967 0.0697 -

0718 0.1372 0.1296 0.1113 0.1012 010738 -

0719 0.1367 0.1270 0.1121 0.0988 0.0748 -

0720 0.1469 0.1382 0il201 0l1045 0.0779 . 



TABLE A-6: Hysteresis loop data at 20 degrees C, relative saturation, 
desorbing to/absorbing rom 0.5 MPa. 

Desorbing: 

Sample .010 .025 
Matric Potential (MPa) 

.050 .100 .300 .500 
0711 77.27 76.41 69.30 50i86 44.30 
0712 75.45 7174 64.02 4&07 41.16 
0713 74.63 71.13 61.02 46.27 3&52 
0714 72.54 6&32 56.97 44.24 38.74 
0715 74.91 71.86 60.32 45.84 40.56 
0716 75.04 7L39 61.83 45.98 39.29 
0717 71.69 69.04 60.12 44.64 38.49 
0718 75.15 72.96 63.40 47.69 41.23 
0719 75.77 73.48 64.93 50.81 43.25 
0720 75.41 73.32 64.78 48.90 41.04 

Absorbing: 
Matric Potential (MPa) 

Sample .010 .025 .050 .100 .300 
0711 84.56 80.02 69.67 6156 47.79 
0712 82.73 76.77 63.48 5&54 43.86 
0713 83.70 75.32 63.43 58.09 41.45 
0714 80.57 74.35 62.10 57.57 41.88 
0715 83.41 78.84 68.35 61.14 44.14 
0716 83.75 76l17 64.98 59.30 4133 
0717 79.52 72.71 62.59 5&25 41.99 
0718 83.56 78.93 67.78 6163 44.95 
0719 84.70 7a69 69.45 61.21 46.34 
0720 83.04 7&12 67.89 59.07 44.04 
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TABLE A-8: Moisture retention data for ALT at 45 degrees C, 
relative saturation (%). 

Desorbing: 

Sample 0.01 0.025 
Matric Potential (MPa) 

0.05 0.10 0.30 0.50 
0701 9L77 92.02 86.02 65.37 36.05 36.37 
0702 96.78 96c36 91.17 75.36 39.73 39.98 
0703 86.15 86.32 82.89 64.15 4157 41.24 
0704 93.21 93.21 86.68 67.59 40.82 39.41 
0705 91.97 90.39 83.97 66.90 41.24 39.32 
0706 93.68 91.67 84.31 61.56 39.06 37.97 
0707 88.08 86.74 81.97 64.74 39.65 38.39 
0708 85.19 83.01 81.96 62.12 38.32 38.08 
0709 92.18 90.67 85.23 66.66 40.73 39.15 
0710 95.02 93.31 85.33 62.18 35.51 35.68 
0711 90.60 89.55 83.18 71.48 42.52 40.98 
0712 94.55 94.71 88.77 73.90 41.30 39.40 
0713 96.62 94.20 87.27 69.43 41.37 39.19 
0714 93.36 93.68 85.32 68.52 40.82 3a93 
0715 95.82 95.16 8&93 72.05 4170 40.74 
0716 96.35 94.26 88.24 76.58 40.18 39.06 
0717 91.93 89.31 83.27 70.54 3&04 37.06 
0718 92.17 91.29 86.11 74.31 40.34 39.71 
0719 88.92 88.62 83.42 72.48 4143 40.75 
0720 95.93 86.95 89.89 83.52 4194 41.72 
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TABLE A-9: Moisture retention data for ALT at 5 degrees C, water content 

Desorbing: 
Matric Potential (MPa) 

Sample 0 (sat) 0.01 0.025 0.05 0.10 0.30 0.50 
0701 0.1839 011836 0.1777 (X1654 0.1304 0.0818 0.0734 
0702 0.1818 0.1812 0.1783 0.1725 0.1377 0.0881 0.0777 
0703 0.1595 0.1592 0.1575 0.1532 0.1154 0.0866 0.0791 
0704 0.1766 011749 0.1721 0.1644 0.1189 0.0850 0.0769 
0705 0.1705 0.1704 0.1664 0.1608 (X1248 0.0883 a0782 
0706 0.1821 0.1794 0.1734 0.1618 0.1201 0.0819 0.0741 
0707 0.1686 Ot.1662 0.1636 0.1579 ai203 0.0853 0.0764 
0708 0.1610 011541 0.1509 0.1436 0.1104 0.0778 0.0712 
0709 0.1735 ftl735 a 1698 0.1610 0.1211 0.0858 Q.0778 
0710 0.1815 0.1781 0.1735 0.1631 0.1150 a0814 (X0731 
0711 a 1684 0.1683 0.1663 0.1600 0.1189 0.0876 0.0792 
0712 0.1748 ai744 0.1717 0.1624 0.1198 0.0882 0.0776 
0713 0.1819 0.1771 0.1707 0.1607 0.1228 0.0857 0.0764 
0714 0.1737 0.1737 0.1715 0.1645 0.1314 0.0852 0.0764 
0715 0.1769 0.1739 0.1722 a 1648 0.1215 0.0884 0.0805 
0716 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 
0718 0.1749 0.1738 ai715 0.1640 0.1255 0.0864 0.0789 
0719 0.1683 0.1683 0.1650 ai560 0.1186 0.0875 0.0785 
0720 0.1800 (X1774 0.1597 0.1636 0.1234 0.0888 0.0798 
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TABLE A-10: Moisture retention data for ALT at 5 degrees C, relative saturation. 

Desorbing: 

Sample 0.01 
Matric Potential 

0.025 0.05 
(MPa) 
0.10 0.30 0.50 

0701 99.82 96.63 89.94 70.93 44.48 39.91 
0702 99.67 98.08 94.90 75.76 48.44 42.72 
0703 99.82 98.74 96.02 72.31 54.30 49.60 
0704 99.02 97.48 93.12 67.36 48.14 43.53 
0705 99.91 97.55 94.26 73.18 51.77 45.87 
0706 98.56 95.23 88.88 65.97 44.96 40.67 
0707 98.54 97.00 93.66 71.32 50.60 45.29 
0708 95.76 93.77 89.18 68.60 48.35 44.20 
0709 99.99 97.83 92.75 69.79 49.41 44.84 
0710 98.11 95.58 89.87 63.37 44.86 40.29 
0711 99.99 98.75 95.03 70.63 5102 47.06 
0712 99.75 98.18 92.87 68.50 50.46 44.37 
0713 97.38 93.83 88.36 67.51 47.10 4100 
0714 99.99 98.68 94.69 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 46.90 4176 
0717 99.82 98.04 92.62 73.59 47.12 4134 
0718 99.35 98.01 93.77 71.74 49.40 45.07 
0719 99.98 98.02 92.69 70.50 51.99 46.66 
0720 98.57 88.71 90.90 68.58 49.32 44.31 



TABLE A-11: Saturated intrinsic permeability (m sq) 

Sample # k 
0732 3.05E-16 
0735 3.42E-16 
0736 4.18E-16 
0737 4.42E-16 
0739 6.02E-16 
0740 4.63E-16 
0741 1.39E-14 
0742 3.74E-16 
0744 3.28E-16 
0745 &76E-16 



TABLE A-12: Intrinsic permeability data for ALT at 20 degrees C 

Matric Potential (MPa) 
Sample ftOl 0.02S 0.05 ftlO 
0701 7.33E-16 6.99E-17 4.73E-17 2.44E-17 
0702 
0703 L53E-14 1.13E-17 
0704 4.44E-18 
0705 L30E-17 
0706 3.22E-18 
0707 L12E-15 2.44E-18 
0708 2.71E-18 
0709 2.76E-18 
0710 
0711 9.19E-19 
0712 3.12E-18 
0713 6.90E-17 
0714 
0715 1.21E-15 
0716 2.40E-15 4.62E-18 
0717 L21E-18 
0718 3.20E-18 
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 vapor in the subsurface, characterization of the moisture-dependent thermal properties 

of the rock matrix is important for modeling thermal effects on fluid and solute transport. 

This section includes statistical summaries of the laboratory-derived thermal conductivities 

corresponding to samples which were used for other experiments included in this report. 

To estimate thermal properties of the rock matrix, modifications were made to a 

new method (Ashworth, 1990) where core segments were "sandwiched" between sets of 

copper disks with thermistors and heat exchangers, as shown in Figure B4. The "heat 

flux meter" of copper/nylon/copper disks, positioned on the top surface of the core, was 

the mechanism by which the 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 thermistor/copper disk at the 

core's lower surface. By using materials of known thermal conductivity and low thermal 

resistivity where appropriate, Fourier's Law can be used to calculate thermal conductivity 

for core samples of known length. 

Table B-l summarizes the laboratory thermal conductivities for given mean water 
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contents at oven dry, saturation, and two intermediate steps. These mean KT values are 

plotted in Figure B-2. Table B-2 presents data for individual segments. 

TABLE B-l: Statistical summary of thermal conductivity for 
variably-saturated Apache Leap Tuff, J/sm'C 

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

# repetitions 10 9 3 9 
Mean 1.899 1.574 1.382 1.305 
Coef.var. 0.0134 0.0193 0.0299 0.0282 

Minimum 1.786 1.47 1.341 1.168 
Median 1.864 1.54 1.341 1.289 
Maximum 2.027 L703 1.465 1.533 
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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 1.921 1.703 1.302 
0722 2.027 1.676 1.465 1.389 
0723 L947 L470 1.168 
0724 L827 1.507 1.356 
0725 1.855 1.525 1.533 
0726 2.015 1.693 L341 1.252 
0727 L864 1.511 1.341 1.289 
0728 L914 1.565 1.197 
0729 1.830 1.511 1.258 
0730 1.786 

REFERENCES 

Ashworth, E., and T. Ashworth, A rapid method for measuring thermal conductivity of 
rock cores an its preliminary use for finding the thermal resistance of cracks, Rock 
Mechanics Contributions and Challenges, Hustrulid & Johnson (eds), 1990, Balkema, 
Rotterdam, ISBN 906191 1230. 
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Laboratory procedure for thermal conductivity determination (SOP 1.4.1) 

1.0 INTRODUCTION 

To determine thermal conductivity, a known heat flux is applied to the top surface of 
a core sample while the temperature change is monitored on the bottom surface. A 
small temperature gradient is imposed using heat exchangers connected to water baths 
or other sources. By using materials of known thermal conductivity and low thermal 
resistivity where appropriate, Fourier's Law can be used to determine thermal 
conductivity for core samples of known length. The apparatus described herein 
measures thermal conductivity on one sample at a time. 

2.0 MATERIAL AND EQUIPMENT 

1. water bath setup: bath of sufficient size to hold pressurized vessel, and a 
separate reservoir of heated or cooled water with circulating pump 

2. 2 heat exchangers, of aluminum, brass, or other highly conductive material 
3. tygon tubing 
4. 3 solid copper disks, same diameter as core samples, 1/4" thick 
5. 1 nylon disk, same diameter as core samples, 0.04-.06" thick 
6. 3 precision thermistors, 0.095" diameter 
7. electronic heat shrink for thermistor wires, 1/32" 
8. epoxy, or epoxy tape 
9. heavy duty aluminum foil 

10. jig from SOP 1.2.1.1 with threaded rods long enough to accomodate all 
components of the apparatus 
OR similiar apparatus for clamping all components together 

11. sponge foam insulation 
12. voltmeter, +- recording equipment 
13. electronic heat shrink for cores, allowing (core length + 15%) times the 

number of core samples 
14. drying oven 
15. solution deaeration/ core saturation setup (SOP 1.1.1 or Procedure A this 

text) 
16. pressure plate extractor setup with 5 bar capability (SOP 1.2.3 or 

Procedure B this text) 
17. saturated salt solution setup, optional for high matric potentials (SOP 1.2.3) 

Chemicals and Reagents 

CaS04 solution (see SOP 1.2.3.1, SOP 1.2.3.2 and SOP 1.1.l.B) 
saturated salt solution, optional (see SOP 1.2.3.5) 



Laboratory procedure for thermal conductivity, continued.. 

PROCEDURE 

Preparation of Rock Cores 
1. (see SOP 1.2.3.4 for instructions on preparing rock cores) 

Cut cores to approximately 1 cm height, QR use cores of 2.5 cm height 
from other SOP's. Grind both faces of each core. 

2. Note core orientation with respect to the boulder. Mark the core for 
orientation and number. 

3. Wear gloves, handle cores as seldom as possible, and store in labeled 
moisture tins. 

Preparation of Thermal Conductivity Apparatus 
1. Cut nylon sheet into a disk the same diameter as the core samples, with 

flat, parallel faces and no rough edges. The thickness of the disk may be 
0.04 to 0.06 inches, but must be consistent and known. 

2. Have copper milled approximately 1/4 inch thick, with the same diameter 
as the core samples, such that the faces are flat and parallel. 

3. Drill a hole 1/10 inch diameter from the edge of each disk to the center 
(see Fig. B-l) 

4. To keep thermistor wires separate, thread heat shrink over one wire and 
warm to reduce wrap. 

5. Insert thermistor head into drilled hole to center of copper disk. With 
thermistor wires protruding, seal with epoxy. 

(NOTE: Repeated handling of thermistor wires using regular voltmeter leads 
will result in occasional broken wires. For easier replacement of 
thermistors, use malleable epoxy tape. However, continual recording of 
thermistors reduces wear and provides a more accurate indication of heat 
flux and steady state conditions. The latter method is recommended.) 
6. Cut two "disks" of heavy-duty aluminum foil, about 1/4" larger diameter 

than core sample. 

Thermal Conductivity for Oven-Dried Samples 
1. See SOP 1.2.3, Procedure 3.1 B. 
2. Store dried, wrapped, and weighed samples in dessicator when not being 

tested. 
3. Assemble thermal conductivity apparatus with core sample as shown in 

Figure 2: 
a. Place "cold" heat exchanger on base of jig or other clamping apparatus. 

Center copper disk with thermistor on exchanger. 



Laboratory procedure for thermal conductivity, continued.. 

b. With the core bottom-side-up, rub one "disk" of A1 foil onto core bottom. 
Foil will stretch over minute bumps and fill in minute crevices. Carefully 
pick up core/foil and set it foil-side down on copper disk in the stack. 

c. Rub second disk of A1 foil onto core top. 
d. Stack second copper disk, the nylon disk, then the third copper disk on foil 

of core top. This copper/nylon/copper sandwich serves as a "heat flux 
meter" and will hereafter be referred to as such. 

e. Center "hot" heat exchanger on top of heat flux meter. 
f. Add upper base unit of clamping apparatus. Secure the stack, checking 

that all components are properly aligned, and tighten apparatus to insure 
solid contact between all components. 

4. Insulate with sponge foam or styrofoam, allowing thermistor wires to 
extend for voltmeter connection. 

5. Connect heat exchanger tubing to appropriate water baths (or other sources 
as available). Set temperatures on baths so that "cold" source is near room 
temperature (to reduce heat exchange between set-up and room air) and 
"hot" source is only a few degrees higher. Example: 24°C and 30°C. 

6. Connect thermistor wires to voltmeter leads for initial resistance readings. 
Record values and time. 

7. The first core should be monitored fairly closely to determine approximate 
equilibration time. Once this is known, periodic (10-15 minute) intervals 
between readings are sufficient to ascertain when steady state has been 
reached. Steady state has been reached when bottom thermistor, between 
core bottom and "cold" source, no longer registers a change in resistance. 
For an oven-dried, 2.5 cm core, equilibration time is generally 1.5 to 2 
hours. Record final values from all thermistors. 

8. Disconnect leads and heat sources, and disassemble the stack. 

Thermal Conductivity for Variably-Saturated Core Samples 
1. Saturate oven-dried core samples (see SOP 1.1.1 .C.) 

a. SATURATED CORES: 
(i) Keep cores immersed when not being tested. 
(ii) Blot excess water from core sample before placing in stack. 

b. VARIABLY SATURATED CORES: 
(i) Desaturate cores using pressure extraction method (see SOP 

1.2.3.H). 
(ii) Keep cores at equilibrium pressure of interest when they are not 

being tested. 
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Laboratory procedure for thermal conductivity, continued... 

(iii) For saturations lower than that attainable by pressure extraction at 
500 kPa, cores may be equilibrated over a saturated salt solution 
with an equivalent relative humidity of 97-99% (see SOP 1.2.3) 

3. Construct the stack of heat exchangers, core, and disks as for oven-dried 
thermal conductivity. 

4. Insulate stack, connect heat sources, and attach voltmeter. 
5. Record time and initial resistance values. 
6. Saturated cores require longer equilibration time than do oven-dried cores 

due to the higher heat capacity of water: generally about 4 to 5 hours for a 
2.5 cm core. 

7. Record resistance values for heat flux meter and bottom thermistor at 
steady state. 

8. Disconnect and disassemble apparatus. 

CALCULATIONS 

Temperatures may be estimated from the table of ohms-to-degree-Centigrade 
values generally provided with thermistors (example: YSI Precision Thermistors). 
Since copper has an extremely high thermal conductivity, resistances and thicknesses 
of copper disks can be ignored. 

Hence, heat flux into the core may be calculated using Fourier's Law: 

for: f = heat flux (J/m2 s) 
K = thermal conductivity of nylon disk 
dT = T, - T2 

dx = thickness of nylon disk 

where: 
K = 0.25 W/mK 
T, = temperature of topmost thermistor of heat flux meter 
T, = temperature of second thermistor of heat flux meter 
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Laboratory procedure for thermal conductivity, continued... 

To calculate the thermal conductivity for a core sample, rearrange the heat flux 
equation: 

e % 
dT 

for: K — thermal conductivity of core sample 
f = calculated heat flux at steady state 
dx = core length 
dT = T2 - T, 

where: T3 = temperature of bottom thermistor 

4.0 QUALITY ASSURANCE/QUALITY CONTROL 

5.0 REFERENCES 

Ashwoith, E., and T. Ashworth, A rapid method for measuring thermal conductivity 
of rock cores and its preliminary use for finding the thermal resistance of cracks, 
Rock Mechanics Contributions and Challenges, Hustrulid & Johnson (eds), 1990, 
Balkema, Rotterdam, ISBN 906191 1230. 

Polypenco, manufacturers thermal properties specifications: 
Polypenco Polymer Corporation 
P.O. Box 422 
Reading, PA 19603 
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* 

* ANALYSIS OF SOIL HYDRAULIC PROPERTIES 
* 

* RETENTION AND K AT 20 DEGREES, median K (M/DAY) 
* 

* VARIABLE N AND M (MUALEM-THEORY FOR K) 
* ANALYSIS OF RETENTION DATA ONLY 
* MTYPE= 1 METHOD= 2 
* 

INITIAL VALUES OF THE COEFFICIENTS 

NO 
1 
2 
3 
4 
5 
6 
7 

NAME 
NCR 
HCS 
ALPHA 
N 
M 
L 
K 

INITIAL VALUE INDEX 
.0000 0 
.1660 1 
.0100 1 

1.2600 1 
.2000 1 
.3000 0 
.0004 0 

NIT SSQ WCS ALPHA N M 
0 .04285 .1660 .0100 1.2600 .2000 
1 .01282 .1485 .0261 1.0050 .4104 
2 .00503 .1446 .0483 1.0050 .5511 
3 .00145 .1597 .1070 1.0050 .8399 
4 .00136 .1679 .1560 1.0050 .8026 
5 .00104 .1695 .2148 1.0050 .6981 
6 .00070 .1695 .2919 1.0050 .6051 
7 .00043 .1691 .3851 1.0050 .5251 
8 .00026 .1685 .4846 1.0050 .4621 
9 .00017 .1680 .5762 1.0050 .4160 
24 .00010 .1640 1.0943 1.6508 .2024 

CORRELATION MATRIX 

WCS ALPHA N M 
1 2 3 4 

1 1.0000 
2 -.0809 1.0000 
3 -.5965 .6926 1.0000 
4 .5480 -.7911 -.9822 1.0000 

RSQUARED FOR REGRESSION OF OBSERVED VS FITTED VALUES = .99652070 

NONLINEAR LEAST-SQUARES ANALYSIS: FINAL RESULTS 

95% CONFIDENCE LIMITS 
VARIABLE VALUE S.E.COEFF. T-VALUE LOWER UPPER 

WCS .16402 .00299 54.93 .1567 .1713 
ALPHA 1.09427 .25427 4.30 .4721 1.7164 

N 1.65077 .49304 3.35 .4444 2.8571 
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M . .20237 .1 07283 2.78 .0242 

OBSERVED AND FITTED DATA 

NO P LOG-P WC-OBS WC-FIT WC-DEV 
1 . 1000E—04 -5.0000 .1660 .1640 .0020 
2 .1000E+00 -1.0000 .1611 .1632 -.0021 
3 .2500E+00 -.6021 .1596 .1604 -.0008 
4 .5000E+00 -.3010 .1552 .1539 .0013 
5 .1000E+01 .0000 .1396 .1403 -.0007 
6 .3000E+01 .4771 .1112 .1074 .0038 
7 .5000E+01 .6990 .0858 .0919 -.0061 
8 .2730E+02 1.4362 .0579 .0527 .0052 
9 .1424E+03 2.1535 .0302 .0304 -.0002 
10 .2357E+03 2.3724 .0226 .0257 -.0031 

SUM OF SQUARES OF OBSERVED VERSUS FITTED VALUES 

UNWEIGHTED WEIGHTED 
RETENTION DATA .00010 .00010 
COND/DIFF DATA .00000 .00000 

ALL DATA .00010 .00010 

SOIL HYDRAULIC PROPERTIES (MTYPE = 1) 

wc P LOGP COND LOGK DIF LOGD 
0015 .1245E+07 6 .095 .7951E-21 -21. 100 .2023E—11 -11 .694 
0029 .1563E+06 5 .194 •2483E-18 -18. 605 .3967E—10 -10 .402 
0059 .1963E+05 4 .293 . 7756E—16 -16. 110 .7779E-09 -9 .109 
0117 .2465E+04 3 .392 . 2422E-13 -13. 616 .1525E-07 -7 .817 
0176 .7322E+03 2 .865 . 6974E—12 -12. 157 .8698E-07 -7 .061 
0234 .3095E+03 2 .491 .7566E-11 -11. 121 .2991E—06 -6 .524 
0293 .1587E+03 2 .200 . 4808E-10 -10. 318 .7798E-06 -6 .108 
0351 .9191E+02 1 .963 .2179E-09- -9. 662 .1706E-05 -5 .768 

0410 .5792E+02 1 .763 . 7818E-09 -9. 107 .3309E-05 -5 .480 
0469 .3881E+02 1 .589 . 2365E—08 -8. 626 .5877E-05 -5 .231 
0527 •2725E+02 1 .435 .6283E-08 -8. 202 .9759E-05 -5 .011 
0586 •1985E+02 1 .298 .1507E—07 -7. 822 .1538E—04 -4 .813 

0644 .1489E+02 1 .173 . 3326E-07 -7. 478 .2323E-04 -4 .634 
0703 .1144E+02 1 .058 . 6859E-07 -7. 164 .3393E-04 -4 . 469 

0762 .8961E+01 .952 .1337E—06 -6. 874 .4818E—04 -4 .317 
0820 .7133E+01 .853 .2484E-06 -6. 605 .6686E-04 -4 .175 
0879 .5754E+01 .760 . 4433E—06 -6. 353 .9107E-04 -4 .041 
0937 .4691E+01 .671 . 7642E—06 -6. 117 . 1222E-03 -3 .913 

0996 .3857E+01 .586 . 1279E-05 -5. 893 .1620E-03 -3 .790 
1054 .3190E+01 .504 .2088E-05 -5. 680 .2131E-03 -3 .671 

1113 .2649E+01 .423 . 3336E-05 -5. 477 .2787E-03 -3 .555 

1172 .2203E+01 .343 . 5240E-05 -5. 281 . 3640E-03 -3 .439 

1230 .1829E+01 .262 . 8120E-05 -5. 090 .4763E-03 -3 .322 

1289 .1511E+01 .179 .1246E-04 -4. 904 . 6281E-03 -3 .202 

1347 .1235E+01 .092 . 1904E—04 -4. 720 .8401E—03 -3 .076 

1406 .9904E+00 -.004 . 2913E-04 -4. 536 .1152E-02 -2 .939 

1464 .7681E+00 -.115 . 4504E-04 -4. 346 .1649E-02 -2 .783 

1523 .5575E+00 -.254 .7164E-04 -4. 145 .2560E-02 -2 .592 

1582 .3414E+00 -.467 .1226E-03 -3. 912 .4815E-02 -2 .317 

1611 .2169E+00 -.664 . 1730E-03 -3. 762 . 8188E-02 -2 .087 

1640 .0000E+00 . 4000E-03 -3. 398 



* ANALYSIS OF SOIL HYDRAULIC PROPERTIES 
* 

* RETENTION AND K AT 45 DEGREES, median K (M/DAY) 
* 

* VARIABLE N AND M (MUALEM-THEORY FOR K) 
* ANALYSIS OF RETENTION DATA ONLY 
* MTYPE= 1 METHOD= 2 
* 

INITIAL VALUES OF THE COEFFICIENTS 

NO 
1 
2 
3 
4 
5 
6 
7 

NAME 
WCR 
WCS 

ALPHA 
N 
M 
L 
K 

INITIAL VALUE INDEX 
.0000 0 
.1743 1 
.0100 1 
1.2600 1 
.2000 1 
.3000 0 
.0006 0 

NIT SSQ 
0 .02498 
1 .02002 
2 .00258 
3 .00149 
4 .00100 
5 .00081 
6 .00072 
7 .00067 
8 .00063 
9 .00059 
72 .00010 

HCS ALPHA 
.1743 .0100 
.1737 .0281 
.1674 .0842 
.1774 .1045 
.1788 .1172 
.1790 .1268 
.1790 .1353 
.1790 .1438 
.1790 .1528 
.1790 .1624 
.1708 2.3225 

N M 
1. 2600 .2000 
1. 0050 .6500 
1. 0050 1 .8713 
1. 0050 2 .1020 
1. 0050 2 .1500 
1. 0050 2 .1192 
1. 0050 2 .0581 
1. 0050 1 .9880 
1. 0050 1 .9162 
1. 0050 1 .8448 
5. 4125 .0759 

CORRELATION MATRIX 

WCS ALPHA N M 
1 2 3 4 

1 1.0000 
2 .0480 1.0000 
3 -.3469 .7388 1.0000 
4 .3381 -.7731 -.9975 1.0000 

RSQUARED FOR REGRESSION OF OBSERVED VS FITTED VALUES = .99214986 

NONLINEAR LEAST-SQUARES ANALYSIS: FINAL RESULTS 

VARIABLE 
WCS 

ALPHA 
N 

VALUE 
.17078 
2.32245 
5.41249 

S.E.COEFF. 
.00367 
.51008 
7.44527 

T-VALUE 
46.50 
4.55 
.73 

95% CONFIDENCE LIMITS 
LOWER UPPER 
.1591 .1825 
.6992 3.9457 

-18.2810 29.1060 
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H . .07594 .11227 .68 -.2813 .4332 

OBSERVED AND FITTED DATA 

NO P LOG-P WC-OBS WC-FIT WC-DEV 

1 .1000E-04 -5.0000 .1743 .1708 .0035 

2 . 1000E+00 -1.0000 .1698 .1708 -.0010 
3 .2500E+00 -.6021 .1671 .1701 -.0030 

4 •S000E+00 -.3010 .1572 .1562 .0010 
5 . 1000E+01 .0000 .1211 .1207 .0004 

6 . 3000E+01 .4771 .0703 .0769 -.0066 
7 .5000E+01 .6990 .0683 .0623 .0060 

SUM OF SQUARES OF OBSERVED VERSUS FITTED VALUES 

UNWEIGHTED WEIGHTED 
RETENTION DATA .00010 .00010 
COND/DIFF DATA .00000 .00000 

ALL DATA .00010 .00010 

SOIL HYDRAULIC PROPERTIES (MTYPE =» 1) 

WC P LOGP COND LOGK DIF LOGD 

0183 .9864E+02 1 .994 .5766E—10 -10. 23? .7562E-06 -6. 121 

0244 .4899E+02 1 .690 .4531E-09 -9. 344 .2213E-05 -5. 655 

0305 .2846E+02 1 .454 .2242E-08 -8. 649 .5091E—05 -5. 293 

0366 .1827E+02 1 .262 .8279E—08 -8. 082 .1005E-04 -4. 998 

0427 .1255E+02 1 .099 .2499E-07 -7. 602 .1788E-04 -4. 748 

0488 .9072E+01 .958 .6505E-07 -7. 187 .2943E-04 -4. 531 

0549 .6812E+01 .833 .1513E-06 -6. 820 .4568E-04 -4. 340 

0610 .5271E+01 .722 .3219E-06 -6. 492 .6769E-04 -4. 170 

0671 .4181E+01 .621 .6373E—06 -6. 196 .9661E-04 -4. 015 

0732 .3383E+01 .529 .1189E-05 -5. 925 .1337E-03 -3. 874 

0793 .2784E+01 .445 .2110E-05 -5. 676 .1802E-03 -3. 744 

0854 .2325E+01 .366 .3588E—05 -5. 445 .2377E-03 -3. 624 

0915 .1966E+01 .294 .5882E—05 -5. 230 .3076E-03 -3. 512 

0976 .1680E+01 .225 .9341E-05 -5. 030 .3915E—03 -3. 407 

1037 .1449E+01 .161 .1442E—04 -4. 841 .4912E—03 -3. 309 

1098 .1261E+01 .101 .2173E-04 -4. 663 .6089E-03 -3. 215 

1159 .1105E+01 .043 .3202E—04 -4. 495 .7471E-03 -3. 127 

1220 .9741E+00 -.011 .4626E-04 -4. 335 .9096E-03 -3. 041 

1281 .8633E+00 - .064 .6568E-04 -4. 183 .1102E-02 -2. 958 

1342 .7681E+00 - .115 .9180E—04 -4. 037 .1334E-02 -2. 875 

1403 .6849E+00 - .164 .1266E—03 -3. 898 .1625E-02 -2. 789 

1464 .6104E+00 . - .214 .1725E—03 -3. 763 .2015E—02 -2. 696 

1525 .5412E+00 - .267 .2330E-03 -3. 633 .2595E-02 -2. 586 

1586 .4725E+00 - .326 .3131E-03 -3. 504 . 3642E-02 -2. 439 

1647 .3935E+00 - .405 .4220E-03 -3. 375 . 6447E—02 -2. 191 

1677 .3375E+00 - .472 .4941E—03 -3. 306 . 1145E-01 -1. 941 

1708 .0000E+00 .6000E—03 -3. 222 

END OF PROBLEM 



* ANALYSIS OF SOIL HYDRAULIC PROPERTIES 
* 

* RETENTION AND K AT 5 DEGREES, median K (M/DAY) 
* 

* VARIABLE N AND M (MUALEH-THEORY FOR K) 
* ANALYSIS OF RETENTION DATA ONLY 
* MTYPE= 1 METHOD- 2 

INITIAL VALUES OF THE COEFFICIENTS 

NO 
1 
2 
3 
4 
5 
6 
7 

NAME 
NCR 
HCS 

ALPHA 
N 
M 
L 
K 

INITIAL VALUE INDEX 
.0000 0 
.1748 1 
.0100 1 
1.2600 1 
.2000 1 
.3000 0 
.0002 0 

NIT SSQ WCS ALPHA N M 
0 .02028 .1748 .0100 1. 2600 .2000 
1 .01634 .1743 .0264 1. 0050 .6076 
2 .00194 .1688 .0798 1. 0050 1.7703 
3 .00154 .1781 .0940 1. 0050 1.9033 
4 .00127 .1796 .1028 1. 0050 1.9116 
5 .00111 .1799 .1099 1. 0050 1.8783 
6 .00101 .1800 .1167 1. 0050 1.8301 
7 .00094 .1801 .1235 1. 0050 1.7773 
8 .00087 .1802 .1307 1. 0050 1.7235 
9 .00081 .1802 .1384 1. 0050 1.6700 

101 .00005 .1724 2.5351 15. 8300 .0212 

CORRELATION MATRIX 

WCS ALPHA N M 
1 2 3 4 

1 1.0000 
2 .1618 1.0000 
3 -.0840 .8582 1.0000 
4 .0839 -.8592 -1.0000 1.0000 

RSQUARED FOR REGRESSION OF OBSERVED VS FITTED VALUES = .99537641 

NONLINEAR LEAST-SQUARES ANALYSIS: FINAL RESULTS 

95% CONFIDENCE LIMITS 
VARIABLE VALUE S.E.COEFF. T-VALUE LOWER UPPER 

WCS .17235 .00237 72.65 .1648 .1799 
ALPHA 2.53508 .45219 5.61 1.0960 3.9741 

N 15.82999 354.53743 .04 -1112.4343 1144.0943 
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M . .02121 .49347 .04 -1.5492 1.5916 

OBSERVED AND FITTED DATA 

NO P LOG-P WC-OBS WC-FIT WC-DEV 
1 .1000E-04 -5.0000 .1748 .1724 .0024 
2 .1000E+00 -1.0000 .1732 .1724 .0008 
3 .2500E+00 -.6021 .1690 .1723 -.0033 
4 •5000E+00 -.3010 .1613 .1591 .0022 
5 .1000E+01 .0000 .1226 .1261 -.0035 
6 .3000E+01 .4771 .0854 .0872 -.0018 
7 .5000E+01 .6990 .0769 .0735 .0034 

SUM OF SQUARES OF OBSERVED VERSUS FITTED VALUES 

UNWEIGHTED WEIGHTED 
RETENTION DATA .00005 .00005 
COND/DIFF DATA .00000 .00000 

ALL DATA .00005 .00005 

SOIL HYDRAULIC PROPERTIES (MTYPE =• 1) 

WC P LOGP COND LOGK DIF LOGD 
,0862 .3108E+01 .493 •6429E-06 -6. 192 .6906E-04 -4 .161 
.0923 .2531E+01 .403 . 1136E-05 -5. 944 .9277E-04 -4 .033 
,0985 .2088E+01 .320 . 1936E—05 -5. 713 . 1223E-03 -3 .913 
,1046 .1743E+01 .241 . 3194E—05 -5. 496 .1585E—03 -3 .800 
1108 . 1471E+01 .167 . 5120E—05 -5. 291 .2024E-03 -3 .694 
1170 .1252E+01 .098 . 8001E-05 -5. 097 .2550E-03 -3 .593 
1231 .1074E+01 .031 .1222E-04 -4. 913 .3176E-03 -3 .498 
1293 .9292E+00 -.032 .1828E—04 -4. 738 .3913E-03 -3 .407 
1354 .8090E+00 -.092 .2684E—04 -4. 571 .4775E—03 -3 .321 
1416 .7086E+00 -.150 .3874E-04 -4. 412 .5776E-03 -3 .238 
1477 •6243E+00 -.205 .5505E-04 -4. 259 .6933E-03 -3 .159 
1539 .5527E+00 -.258 .7712E-04 -4. 113 .8288E-03 -3 .082 
1600 .4909E+00 -.309 .1066E—03 -3. 972 . 1005E-02 -2 .998 
1662 .4341E+00 -.362 .1459E—03 -3. 836 .1384E-02 -2 .859 
1693 .4018E+00 -.396 .1702E—03 -3. 769 .2102E-02 -2 .677 
1724 .0000E+00 .2000E-03 -3. 699 

END OF PROBLEM 
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APPENDIX D 

Detailed laboratory procedures used to obtain moisture retention and hydraulic 
conductivity data: 

Procedure A: Water content, relative saturation, and porosity (SOP 1.1.1) 

Procedure B: Moisture retention curves (SOP 1.2.3) 

Procedure C: Sample/permeameter preparation (SOP 1.3.2) 

Procedure D: Laboratory determination of saturated hydraulic conductivity for 
consolidated media (SOP 1.2.1) 

Procedure E: Laboratory determination of unsaturated hydraulic conductivity for 
consolidated media (SOP 1.2.2) 

Procedure F: Pressure plate control system (SOP 1.2.3.2) 

Additional Nuclear Regulatory Commission Standard Operating Procedures designed for 
determination of matrix properties of tuff as studied under NRC contract #04-90-051 may 
be obtained through the author or through the director of NRC-fimded research in the 
Department of Hydrology and Water Resources, University of Arizona, Tucson, AZ, 
85716. 
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Procedure A: Laboratory determination of water content, 
relative saturation, and porosity 

1.0 Introduction 

Rock cores are oven dried and then saturated to determine porosity. Employing 
Darcy's Law in one dimension, and disregarding gravity potential, pressure plate 
extractors are used to impose a hydraulic gradient on the samples, which will desatur-
ate. The samples are then weighed to determine water content and relative saturation. 
The measurement of these interstitial parameters, as part of TASK 1 of NRC Contract 
04-90-051, is essential for determining saturated hydraulic conductivity and moisture 
characteristic curves of the rock core. 

2.0 Material and equipment 

1. Moisture cans with lids, one for each sample 
2. Computerized pressure plate control system (see Procedure F) with pressure 

plate extractors capable of 5 bars of pressure 
3. 1 and 5 bar ceramic plates fitted with rubber bladders on one side (1 set for 

each extractor) 
4. Spray bottle (to hold CaS04 + algicide solution) 
5. 1 liter wide-mouth Nalgene bottle with lid 
6. Aluminum foil 
7. Drying oven 
8. Latex gloves 
9. Cloth or leather gloves (for handling heated cores) 
10. Pyrex funnel 
11. 10 L capacity bucket 
12. 10 mL volumetric flask 
13. Pipette (2-10 mL capacity) 
14. Pipette bulb 
15. Labeling tape 
16. Permanent marker 
17. Analytical balance 
18. No. 42 Whatman Filter papers 

Solution deaeration/core saturation setup (see Figure D-l): 

1. Tank of nitrogen gas 
2. Several meters of PVC tubing 
3. Heating coil (capable of heating 3 L of solution to 60 °C) 
4. Thermometer Celsius scale (at least 70 °C capability) 
5. Vacuum pump with vacuum gage 
6. Vacuum desiccator or a pressure vessel capable of 5 bars of pressure 

Chemicals and Reagents 

1. Algimycin "400" brand algicide 
2. 4-1 L containers of CaS04 stock solution (see SOP 1.2.3.2) 
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FIGURE D-l: Solution deaeration/core saturation setup. 
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Procedure A, continued... 

3. Milli-Q water 
4. Alconox detergent 

3.0 Procedures 

A. Dry Weight of Rock Cores 

1. Wear gloves when handling cores, filters and ceramic plates. Handle the cores 
as seldom as possible. 

2. Number a set of moisture cans and lids to correspond with cores. 
3. Place the core samples in the drying oven at 105 C. Cores should be num

bered and have an orientation arrow so that they will always be placed on the 
pressure plates with arrows pointing up. 

4. Dry in the oven for 24 hours. Wearing heavy gloves, remove cores from the 
oven, replace the lids of the moisture cans and weigh the cores as soon as 
possible. Remember to center the core inside the moisture can, thus distribut
ing the weight evenly to obtain a more accurate weight from the analytical 
balance. 

B. Mix and Deaerate Solution 

1. Four liters of CaS04 stock solution mixed with 6 L Milli-Q water will make 10 
L of 0.005 M CaS04 solution: 

Pour 4 L of prepared CaS04 stock solution into a clean, 10 L capacity 
bucket (see SOP 1.2.3.2 for instructions on preparing CaS04 stock solu
tion). Use a clean 1 L volumetric flask to add 6 L of Milli-Q water to the 
CaS04 stock solution in the bucket. Use a clean 2 mL pipette to gently stir 
the CaS04 stock solution and Milli-Q for about 30 seconds. Make sure all 
the solution has drained from the pipette before removing it from the 
bucket. Rinse pipette 3 times. 

2. Use the same 2 mL pipette to transfer .20 ml of algicide to solution in the 
bucket. Wash the pipette with Alconox and rinse 3 times each, first with tap 
water and then with Milli-Q water. 

3. Stir gently using the pipette for at least 30 seconds or until well mixed. Make 
sure all the solution has drained from the pipette before removing it from the 
bucket. Wash and rinse the pipette thoroughly as before. 

4. To dearate the solution construct the dearation setup shown in Figure 1. With 
the line shut off to the solution and open from the dessicator/extraction vessel 
to the vacuum pump, evacuate the vessel. Heat to boiling point approximately 
1.5 liters of solution at a time. Shut the valve connecting die vaccum pump to 
the vessel such that a vacuum is maintained within the vessel. Open the valve 
connecting the vessel to the solution and allow the slightly cooled solution to 
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Procedure A, continued... 

be drawn into the vacuum chamber. It is important not to allow any liquid or 
moist air to enter the vacuum pump as this damages the pump. 

6. Repeat until a sufficient quantity of solution has been deared. Let the solution 
stand overnight in the vacuum chamber or until cooled to room temperature. 
Use the deaerated solution within 24 hours or store in glass bottles. Fill the 
glass bottles such that there are no air gaps and use the solution within one 
week. 

7. This procedure makes 10 L of 0.005 M CaS04 plus 21 ppm algicide. 

C. Saturate Rock Cores 

1. Use ceramic plates which have been cleaned according to directions outlined in 
the pressure plate moisture extractor instruction manual (see SOP 1.2.3.3). 

2. Place dry cores on top of a clean membrane or pressure plate (membranes may 
be used at low pressures; 0-15 kPa) inside the pressure plate moisture extrac
tor. Make sure the extractor's outflow tube is NOT attached to the ceramic 
plate. Seal the chamber by cleaning and replacing the o-ring, and bolting 
down the lid. Evacuate the extractor with the vacuum pump to 60 kPa nega
tive pressure for a minimum of 10-12 hours. OR, a vacuum dessicator may be 
used in place of the pressure apparatus. 

3. Use the solution deaeration/core saturation setup (see Figure 1) to allow the 
vacuum to draw in the cooled and deaerated CaS04 + algicide solution. Let 
stand overnight. 

4. Record the weights of the numbered, empty moisture cans. Remove the core 
samples from the solution. Blot cores lightly with a paper towel to remove 
excess moisture. Place the samples in the appropriate can and weigh the 
saturated rock cores. The core's saturated weight is the total weight of the 
core and moisture can, minus the weight of the moisture can: 

Mc  = Mc a~Ma  (1) 

where 
M,. - mass of saturated core 
Mm = mass of moisture can, including the lid 
Me., = total mass of core, can and lid. 

Record each core's saturated weight in the lab notebook. 

5. Use a clean beaker and Pyrex funnel to fill a clean spray bottle with the CaS04 
+ algicide solution. Wrap the spray bottle with aluminum foil. Date and 
label the bottle clearly. Similarly, reserve an additional liter of the solution in 
a wide-mouthed 1 L Nalgene container. 

6. The CaS04 + algicide solution may be discarded down the drain, one liter at a 
time at 1 minute intervals with cola tap water running continually. Allow the 
tap to run until 1 minute after the last liter of solution has been emptied into 
the drain (D. Jacobs, Risk Management, Univ. of AZ). 
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D. Relative Saturation using Pressure Plate Extractor 

1. Determine sample volume as described in SOP 1.1.2. 
2. Wet filter papers and membranes/plates in the pressure plate moisture extractor 

by spraying or misting with some of the core solution. Place saturated cores 
on filter papers. 

3. On top of the cores, arrange several 500-700 g lead weights which have been 
coated or wrapped with A1 foil. The weights are used to impose an external 
load on the rock cores to improve the contact between the rock and the mem
brane/plate. Clean and replace o-ring, bolt down the lid of the pressure plate 
moisture extractor, and set the desired pressure following the procedures in 
SOP 1.2.3.3. 

4. While the samples are equilibrating, monitor the regulated pressures applied to 
the extractors. Tests should be run to determine the appropriate equilibrium 
time if there is reason to suspect that equilibration times differ from those 
presented below. Remember: equilibration time is a function of the square 
root of the core length. Monitor weight of the cores according to the follow
ing schedule and procedure: 

Imposed Equilibration 
Pressure fkPa^ Time (hounrt 

10 72 
25 72 
50 72 

100 120 (5 days) 
300* 168 (7 days) 
500* 168 (7 days) 

These schedules are based on experiments done on cores with a diameter of 6 cm and 
a length of approximately 2.5 cm. 

* Use 5 Bar ceramic plates for samples placed under pressures exceeding 100 kPa. 

a) Record the air pressure delivered to the extractor vessel and weigh the set 
of numbered, empty moisture cans. 

b) Place a clamp on the outflow tube (and remove it from bubble-check 
solution if this is being used) to prevent backflow of solution into the rock 
core. Slowly release the pressure in the extractor at the outflow port. 

c) Quickly transfer the cores from the filter paper and plate's surface to the 
appropriate moisture can and replace the lid of the can. Determine the wet 
weight of the rock and can. The weight of the core is the total weight of 
the core, can and lid, minus the weight of the can and lid (See Equation 
(D). 

5. Prior to placing the cores back in the extractor, the surface of the plate and 
the filter papers should be moistened with a fine spray or mist of solution. 

6. Recommended pressure steps for rock cores are: 10, 25, 50, 100 Kilo-
pascals (1 bar plate) and 300 and 500 kPa (5 bar plate). 
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Calculations 

Water Content 
The following values are needed to determine the water content of core samples: 

1. Oven dry weight (step A.) 
2. Volume (SOP 1.1.2) 
3. Weight of the sample following equilibration in the pressure plate 

extractor (step D.) 

0 - (m^, - mJr,)/6wV 

where 0 = water content on a volume basis (dimensionless) 
m^, = mass of sample for a prescribed pressure (kg) 

= oven dry mass of sample (kg) 
5W = density of water (kg/m3) 
V = sample volume (m3) 

At 24C, 5W = 0.9973 x 103 kg/m3 

At 20°C, 6W = 0.9982 x 103 kg/m3 

The pressures used are: 10, 25, 50, 100, 300, and 500 kPa. 

Relative Saturation 
The following values are needed to calculate the relative saturation of a core sample: 

1. Water content (see above) 
2. Effective porosity (see following) 

S = (0/10*100 

where S = relative saturation (percent) 
0 = water content (dimensionless) 

n,. = effective porosity (dimensionless) 

Effective Porosity 
The following values are needed to calculate the effective porosity of a core sample: 

1. Dry weight of rock core (step A). 
2. Saturated weight of rock core (step B). 
3. Sample volume as described in SOP 1.1.2 (Method 1 or 2). 

n, = (m,, - m^/^V 

where n,. = effective porosity (dimensionless) 
m^, = mass of saturated sample (kg) 
m^ = mass of oven dry sample (kg) 

6W = density of water (kg/m3) 
V = sample volume (m3) 
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4.0 Quality assurance/quality control 

Calibration procedures for the pressure transducers used in the pressure plate 
moisture extractor computerized system are described in SOP 1.2.3.3. Proper 
handling and maintenance of the pressure plates and membranes is oudined in the 
manual for the pressure plates provided by SoilMoisture Equipment Corp. which is 
located in the Equipment Manual files in room 246. 

Analytical balances are calibrated by a certified laboratory technician on a yearly 
basis and weight checks with the calibrated standard weight should be done every 2 
months when in use. 

5.0 References 

Klute, A., (ed.), Methods of Soil Analysis, Part 1, Am. Sc. Agron., Soil Sci. Soc. 
Am., Madison, WI, 1986. Modified and adapted procedures described in Chapter 
26, Water Retention: Laboratory Methods, pp. 635-662. 

"Operating Instructions for the Ceramic Plate Extractor", SoilMoisture Equipment 
Corp., Santa Barbara, California. 
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1.0 INTRODUCTION 

Characteristic and hysteresis curves of rock core samples are defined by the changes in 
water content relative to changes in pore pressures. Saturated, partially welded tuff 
core samples are placed in moisture extraction vessels or over saturated salt solutions 
and allowed to equilibrate to an imposed raatric pressure. Similarly, imbibition can be 
induced, using either a saturated salt solution or moisture extraction vessel, by 
applying a pressure less than the equilibration condition. Hysteresis functions can be 
determined by simply reversing the direction of the wet/dry cycle at any desired pres
sure. 

2.0 MATERIAL AND EQUIPMENT 

1. analytical balance 
2. moisture cans with lids 
3 12 inch circumference electronic heat shrink 
4. pressure plate extractors with 5 bar capability 
5. 1 and S bar ceramic pressure plates with fitted rubber bladders (1 set for each 

extractor) 
6. heat gun (1400 W), example: Wagner Power Stripper 
7. single-edge razor blade 
8. latex gloves 
9. cloth or leather gloves 
10. spray bottle (with CaS04 + algicide solution) 
11. permanent marker 
12. plumbing sealant (O-ring grease) 
13. 3 sealable dessicators 
14. 3 plastic racks (to fit in dessicators) 
15. lead weights, wrapped in foil or plastic 
16. tank of nitrogen gas 
17. several meters of PVC tubing 
18. hygrometer or extra computer pressure-transducer hookup 
19. heating coil (capable of heating 3 L of solution to 60°C) 

For imbibition procedure: 
20. 1,5 and 15 (opt) bar ceramic pressure plates with fitted rubber 

bladders to be modified into imbibition plates (for wetting curve only) 
21. copper tubing with 1-2 millimeter inside diameter, 2-3 cm piece per 

plate. 
22. epoxy 



116 

Procedure B, continued... 

23. drill bit the same size as copper tubing 
24. drill press (optional, drilling may by done by hand) 
25. low-volume peristaltic pump 
26. 250 ml beaker for solution reservoir 

Chemicals and Reagents 

1. salts for osmotic solutions (see SOP 1.2.3.4, Table 1) 
2. Milli-Q water 

3.0 PROCEDURES 

A. Prepare Rock Cores (SOP 1.2.3.4). 

B. Prepare CaS04 plus algicide solution (SOP 1.1.1., Section B) 

C. Mix and Deaerate Core Solution (SOP 1.1.1, Section B). 

D. Determine Volume of Cores (SOP 1.1.2) 

E. Determine Dry Weight of Cores 
1. See SOP 1.1.1, Procedure A. 
2. Place cores and moisture tins in dessicator 8-10 hours to prevent reabsorbtion 

of water vapor during cooling. 
3. Cut heat shrink into bands that will fit the height of the cores, allowing 10-

15% extra for shrinking and positioning error. 
4. Center a core on one side within a circular strip of heat shrink and balance on 

a table-mounted vise. 
5.  Use the heat gun to warm the heat shrink. Allow the heat shrink to reduce 

size gradually by holding the heat gun 2-3 inches from the core and moving it 
back and forth until the heat shrink approximately "fits" the core. Using a 
heavy cloth or leather glove to handle the hot core, reposition the core 
frequently during heating, until the heat shrink molds the core snugly. Place 
the wrapped core in a dessicator to cool. 

6. Mount a wrapped core in a table vise or wear a leather glove for protection. 
Trim the core of excess heat shrink using a single-edged razor blade, carefully. 
Pay particular attention to the bottom surface. Heat shrink should be trimmed 
very closely so as not to interfere with core/pressure plate contact. Repeat for 
all cores, replacing in dessicator. 

7. Record dry weights of shrink-wrapped cores. 
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F. Saturate Cores (SOP 1.1.1, Section Q. 

G. Drying branch of the characteristic curves: 

Extraction Vessel Method: 
1. Soak ceramic pressure plates for 30-60 minutes in water, either Milli-Q or ewe 

solution. 
2. Place saturated pressure plate in moisture extraction vessel. Place filter papers 

on the plate and thoroughly mist the filters, ceramic plate and the interior walls 
of the vessel with the CaS04 solution. 
Set the rock cores on the filter papers. This will insure good moisture contact 
between cores and plate and prevent excess drying by the nitrogen gas. 

3. Place 3 or 4 wrapped lead weights on the cores so that each core carries some 
portion of the added weight. The imposed external load will improve ewe/ 
pressure plate contact. 

4. Monitor the regulated pressures applied to the pressure plate extractors. See 
SOP 1.2.3.3 for instructions on the computerized pressure regulation set-up, 
and an instruction manual for details on extraction vessel handling. Allow at 
least 3 days for cores to equilibrate. Tests should be run to determine 
appropriate equilibration time if there is reason to suspect that different times 
may be required. Monitor the weight of the cores according to the following 
schedule and procedure: 

*Use 5 bar ceramic plates for samples under pressures exceeding 100 kPa. 

5. Record the pressure extractor's imposed air pressure and weigh the set of 
numbered, empty moisture cans. 

6. Remove outflow tube from outflow or bubble-check solution to prevent 
back flow of solution into rock cores. Slowly release the pressure in the 
extractor at the outflow port. 

7. Quickly transfer the cores from the plate surface to moisture cans and 
replace the lids. Record the weights of the cores and cans in the lab 

Imposed Pressure (kPa^ Equilibration Time (hrs> 
10 
25 
50 
100 
300* 
500* 

72 
72 
72 

120 (5 days) 
168 (7 days) 
168 (7 days) 
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notebook. The weight of the core is the total weight of core, can, and lid 
minus the weight of both can and lid. 

8. Replace the No. 42 Whatman filters papers with fresh papers and remoisten 
the vessel interior and filters before replacing cores in the pressure 
extractor. 

9. Recommended pressure steps for rock cores are: 10, 25, 50, 100 kilo-
Pascals (1 bar plate) and 300 and 500 kPa (5 bar plate). 

Osmotic Potential Method 
1. Prepare saturated salt solutions appropriate to the desired equilibrium 

pressure (see SOP 1.2.3.5). 
2. Pour 2 liters each of the different osmotic salt solutions into 

correspondingly labeled, sealable, shallow containers. Place each solution 
container in a sealable dessicator chamber and position a rack 2-3 cm above 
each solution. Place dessicators in permanent location, out of direct 
sunlight and drafts. 

3. Place rock cores on the racks. Seal the chamber. Resist moving chamber 
with cores, as movement may slosh solution onto cores. 

4. Equilibration time for vapor diffusion is slow. Do not disturb the cores for 
at least 2 weeks. Experiments with partially welded Apache Leap tuff of 
2.4-2.6 cm height, 6 cm diameter, showed equilibration time to be 3 
weeks. If a different equilibration time is anticipated, allow 5-7 days 
between weight checks. 

5. When removing cores from osmotic potential chamber, place in 
labeled tins, cover, and weigh immediately. 
(note: reseal the osmotic chamber when not repositioning cores) 

H. Wetting branch of the characteristic curves: 

1. Obtain or prepare ceramic imbibition plates for extraction vessels: 
a) Cut copper tubing into 2-3 cm lengths, one for each plate. 
b) Using a drill press, or by hand with the drill bit, drill a small 

hole in the ceramic pressure plate opposite the ready-made outflow 
port, approximately 3 cm from edge. Be very careful not to 
puncture the rubber bladder. Clean the area of dust. 

c) Insert the copper tubing through the ceramic plate, but do not 
allow it to puncture the bladder. Epoxy into place and allow to 
cure. Apply second seal with epoxy tape. 
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2. Over osmotic solutions: 
After equilibrating at the lowest water potential (driest condition) of 
interest, reset the cores at the next highest water potential. For instance, if 
cores have equilibrated over a solution that imposes a vapor pressure equal 
to 200 bars, replace cores over next highest chosen solution of, say, 100 
bars, and allow to equilibrate. In this manner, step the cores back "up" the 
pressure schedule the same way they were stepped "down". 

3. Pressure extractor method: 
(note: if pressure reduction is greater than 20 bars, a IS bar 
plate under 5 bars pressure is recommended before switching to the 

5 bar plate undo- 5 bars pressure.) 

a) Soak imbibition plate for 30-60 minutes to saturate. 
b) Slightly elevate ("2 cm) the outflow side of the imbibition plate when 

placing in the extraction vessel. 
c) Connect tubing from elevated outflow port of plate to external port of 

vessel. Connect tubing from lower inflow port of plate to second 
external vessel port. 

d) Connect tubing from pump to vessel inflow port, and from vessel 
outflow port to reservoir, and from reservoir to pump. Prime the 
tubing. 

e) Place filter papers on plate and just dampen. Remove any air bubbles 
trapped under filters. 

f) Place cores on filter papers. Distribute weights on cores and secure 
vessel as for drying procedure. 

g) Impose 5 bars pressure. If after 2 minutes there is air bubbling through 
the outflow, shut down system, open vessel, remove cores. Rewet plate 
and check that all tubing is tightly connected before resetting. 

h) Imbibition in this manner takes longer than desaturation. Allow 48 
hours of no weight gain before reducing pressure to next step. 

I. Determine Volumetric Water Content 
See SOP 1.1.1, Calculations. 

H. Graph Data 
Plot volumetric water content as a function of matric pressure or pF (log-base 10 
of the negative value of matric pressure), using the recorded values for water 
content and imposed pressures. 
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3.2 HYSTERESIS CURVES 

Scanning curves can be prepared by simply reversing the "direction" of the 
sequence at any desired point. For instance, the step-wise decrease of pressure that 
creates the main wetting curve may be turned around at any point, say at 10 kPa, and 
become a step-wise increase in pressure, until the equilibration water content and 
pressure increment again merges with the main drying curve. The procedure may 
then be reversed again. 

4.0 QUALITY ASSURANCE/QUALITY CONTROL 

Calibration procedures for the pressure transducers used in the pressure plate 
moisture extractor computerized system are described in SOP 1.2.3.3. Proper 
handling and maintenance of the pressure plates and membranes is outlined in the 
manual for the pressure plates provided by SoilMoisture Equipment Corp. which is 
located in the Equipment Manual files in room 246. 

Analytical balances are calibrated by a certified laboratory technician on a yearly 
basis and weight checks with the calibrated standard weight should be done every 2 
months when in use. 

5.0 REFERENCES 

Methods of Soil Analysis. 1986. Edited by A. Klute. Modified and adapted 
procedures described in Chapter 26, Water Retention: Laboratory Methods, pp. 635-
662. 

"Operating Instructions for the Ceramic Plate Extractor", SoilMoisture Equipment 
Corp., Santa Barbara, California. 
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1.0 INTRODUCTION 

Flow rates through samples must be measured with accuracy to determine saturated 
hydraulic conductivity and pneumatic permeability. To insure that none of the measured 
flow is occurring around the samples, core segments are insulated within their 
permeameter cylinders by filling the space between cylinder and core with water-proof 
caulking. This procedure is referred to as "packing". A jig for this purpose can be 
constructed inexpensively. Experiments have shown porous foam insulation to be too 
fragile to form a tight seal, and high-quality silicone absorbs water. Although curing 
time is longer (8 - 10 days), water-proof caulking is highly recommended. It bonds well 
to many surfaces, including rock, and cures to hard rubber. 

2.0 MATERIAL AND EQUIPMENT 

1. Jig: pieces cut from plexiglas sheet can be assembled to form the jig depicted 
in the side view cut-away schematic shown in Figure D-2. The ensemble is 
held together by large threaded rods, secured with wing nuts. The bottom 

piece should have several small holes drilled through to allow air to escape as 
caulking is forced in, while the top piece should have at least two holes large 
enough to accomodate the caulking tube. A moveable "peg" in both pieces 
facilitates sample removal. 

2. Clear acrylic cylinder, cut to height slightly greater than core sample. 
3. Spacers: disks of heavy paper to corrugated cardboard thickness cut to 

diameter of sample. 
4. Masking tape, 2" wide roll. 
5. Water-proof caulking (ex. LifeCaulk, found in marine and boat supply stores). 
6. Aluminum foil. 

3.0 PROCEDURES 

1. Press aluminum foil into the inset areas of each jig end, smooth, trim to fit. 
Carefully cut away foil over air and injection holes. The foil liner greatly 
facilitates clean-up. 

2. Cover two disks of heavy paper with masking tape, trimming so that only 2-3 
mm of tape extends beyond each disk. 

3. Use these disks to cover the ends of a core sample, securing the tape edge. 
4. Select spacers according to thickness needed to hold core firmly in place when 

jig top in position. This serves two purposes: to hold sample in place, and 
to reduce the amount of caulking needed to "pack" the sample. Spacers may 
be wrapped in aluminum foil so that they may be reused. 
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CAULKING INJECTION HOLES 

CYLINDER 

FIGURE D-2: Apparatus for injecting caulking, to be used for samples 
in saturated hydraulic conductivity determination. 
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5. Center the sample on the jig bottom, add the cylinder. Holding the liner in 
place, position the jig top over the sample/spacer and seat firmly onto 
cylinder. 

6. With threaded rods and wing nuts, clamp the assembly together. 
7. Insert caulking nozzle into one of the injection holes in jig top, and force 

caulking in. Rotate jig and pack the sample, leaving no air space. 
8. Loosen wing nuts and carefally lift off jig top. Peel off foil liner and discard. 

NOTE: Caulking is very soft and will not support sample. 
9. Lifting from the edge, remove spacer. Now you know why you secured the 

paper end-covers. 
10. Scrape away excess caulking from sample edge and top of cylinder. 
11. Rewrap the spacers with clean foil, adding an extra 2-3 mm thick spacer. 

Position on top of sample. 
12. Holding spacer, cylinder, and jig bottom together, CAREFULLY invert onto 

flat surface covered with paper. 
13. Lift off jig bottom, discarding foil liner. 
14. In the inverted position, BOTTOM SURFACE OF CORE SAMPLE 

SHOULD BE SLIGHTLY ABOVE BOTTOM CYUNDER EDGE. If this is 
not so, carefully insert another thin spacer under packed core/spacer. Sample 
bottom surface must be unobstructed when in contact with porous plate. 

15. Scrape away excess caulk. Be sure cylinder edges are clean. 
16. Clean jig components and all uteosils immediately with dry paper towells. 
17. Caulking generally cures fastest under warm, humid conditions, but read the 

instructions on the package for best results. When caulking has set somewhat 
and packed samples can be moved with caution, they may be placed, inverted 
with spacers, on a rack over water to finish curing. Curing takes 8 to 10 
days, and depends on the environment. 

18. When caulking is cured to hard rubber, paper liner may be cut away from 
core surfaces. 

19. If core samples need to be oven dried, place in oven at no more than 50 C. 
Check mass daily until there are no further losses. 

20. Record mass of packed samples. 

4.0 QUALITY ASSURANCE/QUALITY CONTROL 
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conductivity for consolidated material. 

1.0 INTRODUCTION 
The one-dimensional saturated hydraulic conductivity of rock cores is measured by 
applying water under pressure to the upper surface of a core segment and monitoring the 
outflow from the lower surface. Cores must be prepared as described in Procedure C to 
prevent water flow anywhere except through the core. Permeameter covers are placed 
over the ends of the prepared core with collar, and water under pressure is introduced. 
Outflow is measured using a horizontal bubble flowmeter. 

2.0 MATERIAL AND EQUIPMENT 
1. The air supply/regulation system with computer acquisition 

unit (refer to Procedure F). 
2. Core saturation set-up (refer to Procedure A). 
3. Permeameter set-up with reservoir and tubing (see text Figures 3.4 and 3.5). 
4. 2 syringes: 1 large, 1 small. 
5. Pipet (1 ml size for flow rates faster than 104, . 1 ml size for lower flow rates). 
6. Stopwatch. 

Solutes: 
Prepare a 0.005 M CaS04 with Algicide solution and deaerate (refer to SOP 1.2.3.2 and 
SOP 1.2.3.1). The term "water" as used in this procedure refers to this solution. 

3.0 PROCEDURE 

1. Handle core samples with gloves. 
2. Saturate, then weigh the core samples as in Procedure A. 
3. Make sure permeameter components are clean. Grease O-rings very lightly before 

inserting into permeameter. A 1 inch strip of bicycle tubing may be stretched 
around each end of the sample collar to insure a snug fit. 

4. Put prepared sample into permeameter. 
5. Pressurize solution reservoir to fill tubing, and clamp off. 
6. Use a large syringe to fill top cavity of permeameter with water, then attach 

clamped reservoir tubing. There should be no air bubbles apparent. 
7. Inject water into tubing attached to flowmeter pipet to wet pipet and fill tubing. 

Clamp filled tubing. 
8. Tilt permeameter and use large syringe to fill bottom cavity with water. Be sure 

no air bubbles remain. Air may be removed through septum using small syringe. 
9. Attach flowmeter tubing to bottom cavity of permeameter. 

10. Apply pressure such that a total pressure of 50 kPa is exerted on the permeameter: 
a. Measure z, - z, (cm), z, is the elevation of die water (reservoir) above the core, 

and z, is the elevation of the oudet point. 
b. Convert cm of water to kPa so that: 

(applied Pressure) + (z2 - z,) = 50 kPa 
(Note: 100 kPa = 1019.716 cm H,0) 

c. Turn on the computer and data acquisition/control unit. 
d. Type LOAD "POTS" < RETURN > 

Press RUN 
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Type in pressure needed (in kPa) < RETURN > 
11. When desired pressure is reached, remove tubing clamps. 
12. Introduce a bubble at the beginning of the flowmeter: 

a. Using the small syringe, inject a very small amount of air through the septum on 
the Y-connection between the outflow tubing and the pipet flowmeter. 

b. Remove syringe. 
13. Allow the system to equilibrate for IS minutes. If the flow rate is too slow to 

measure, clamp off tubing and replace 1 ml pipet with .1 ml pipet Undamp tubing 
and resume. 

14. Measure the distance (volume) the bubble has traveled IS min and 30 min after the 
equilibration period. If the flow rate is not constant, allow an additional IS minute 
period until the flow stabilizes. 

15. Watch for air bubbles collecting in the bottom cavity of the permeameter. Air will 
block water flow. Remove with a syringe if necessary. 

16. Clamp off the tubing at both ends of the permeameter. 
17. Press PAUSE on the computer. 
18. Disassemble the permeameter and remove sample. 

Calculations 

1. Saturated hydraulic conductivity 

K, = QL/AH 

where 
K, = saturated hydraulic conductivity (m/s), 
Q = flow rate (itf/s), 
L = sample length (m), 
A = sample area (m2), 
H = total head imposed on the sample (m of water). 

2. Intrinsic Permeability 

k. = Kjt/ag 

where 
k. = intrinsic permeability (m2), 
K, = saturated hydraulic conductivity (m/s), 
H = water viscosity (Pa s) 
5 = density of water (kg/m3) 
g = acceleration due to gravity (9.80S m/s2) 

At 20°C, n = 1.00(2 x 10* Pa s and 
5 = .9982 x 103 kg/m3 
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4.0 QUALITY ASSURANCE/QUALITY CONTROL 

The pressure transducers in the pressure regulation system are calibrated on a schedule 
described in SOP 1.2.3.3. The balance used to weigh the samples is calibrated once a 
year by a certified balance technician. 

5.0 REFERENCES 
Chang, Y., W.R. Haldeman, T.C. Rasmussen, and D.D. Evans, Laboratory Analysis of 
Fluid Flow and Solute Transport Through a Variably Saturated Fracture Embedded in 
Porous Tuff, Nuclear Regulatory Commission, Washington D.C., NUREG/CR-5482. 
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Procedure E: Laboratory determination of unsaturated hydraulic 
conductivity for consolidated material 

1.0 INTRODUCTION 

The outflow technique is used to determine the unsaturated hydraulic conductivity of 
rock cores. The cores are saturated under a vacuum and then placed in a Tempe cell 
with a 1 bar porous ceramic plate. A pressure increment is applied and the rate of 
outflow from the pressure cell is monitored. This is done by using a burette to collect 
and measure the cumulative outflow from the plate. A recirculation pump is used to 
remove accumulated air from the bottom of the porous plate. Analysis is by the 
procedure detailed in the chapter on Water Difiiisivity, Klute, 1964. 

2.0 MATERIAL AND EQUIPMENT 

1. Tempe cell with 1-bar ceramic plate 
2. Computerized air pressure control equipment (Procedure F) 
3. Peristaltic pump 
4. Syringe 
5. Pipette 
6. Septum on Y-tubing 
7. Burette, 10 ml for low-porosity rock samples at low pressures 
8. Stop watch 
9. Whatman filter papers, No. 42 
10. Stopper (with tubing connector) to fit burette 
11. Several feet of Tygon tubing 

Figure 3.6 shows the experimental setup. 

3.0 PROCEDURE 

1. Prepare the Tempe cells by cleaning and lightly lubricating the o-ring with 
vacuum or O-ring grease before each use. Thoroughly clean the groove 
where the O-ring sits with a Q-tip before seating the O-rings. The ceramic 
plates must be kept saturated between uses or re-saturated under vacuum. 
Use O-ring lubrication sparingly. 

2. Oven dry core samples and record the dry weight (see Procedure A). 
3. Saturate the rock cores under a vacuum as described in Procedure A. 

Weigh and record the weight of the saturated sample. 
4. Place a damp filter paper and the core on the porous plate in the Tempe 

cell, insert the cylinder portion, and clamp down the ceil top. If the 
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cylinder does not fit sufficiently tight, stretch a 1" strip of bicycle tubing 
over cylinder ends, slightly lubricated with O-ring grease. 

5. Purge all air bubbles from the Tempe cell using a peristaltic pump. 
Briefly, reverse the direction of the pump to purge air bubbles from the 
pump tubing. Watch for hidden bubbles. Trapped air will affect outflow 
measurement. 

6. Clamp the tubing from the air supply to the Tempe cells. 
7. Turn on the computer and data acquisition/control unit. Put in "Bill" tape 

and type LOAD "GUOPT" (see below for a listing of the GUOPT 
program). Input a pressure (10, 25, 50 or 100 kPa) and a temperature equal 
to the room temperature, OR type LOAD "POTS" and use the same 
pressure schedule as above. 

8. Allow the air pressure to equilibrate. Record the water level in the buret. 
9. Unclamp the tubing and start the timer, monitoring the water flow. Record 

the flow at 1, 3, 5, 10, 30, and 60 min. After ~1.5 mL of water has been 
collected or 60 min. has elapsed, record the time, and run the peristaltic 
pump to purge the system of air bubbles. Read the volume on the buret. 

10.Continue to take buret readings at 1-2 hour intervals for 6-8 hours. 
11 .Allow the flow to equilibrate overnight. In the morning, purge the system 

of air bubbles by turning on the peristaltic pump. Read the final volume in 
the buret and record the time. 

12.Repeat from Step 5 until all desired pressures are completed. When testing 
at 100 kPa, the total time should be at least 48 hours, with readings every 
10-12 hours after the initial 6 hours. 

CALCULATIONS (from Klute, 1964) 

1) Construct a theoretical overlay curve, using the quantities 

log [1- Q ( t ) / Q ( ~ ) ]  

versus 

log ( D t / 4 L 2 )  
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The data for this plot are given in Table 17-1, Klute, 1986. 

2) Calculate the quantity 

1  -  O ( t ) / Q ( c o )  

using the experimentally determined volume-outflow data, where Q(t) is 
the volume of outflow at time t, and 

Q ( ° ° )  

is the total volume of outflow due to the applied pressure increment. 
3) On another sheet of log-log graph paper, same scale as the overlay, 

construct a plot of (Equation 1) versus log t, using experimental data. 
4) Place the theoretical cunre over the experimental curve, matching the log 

[1 - Q/Q] scales. Translate along the log (DfML2) axis only until the theoretical and 
experimental curves are at the best match. Select any convenient value of Dr/4L2 

from the overlay and read the corresponding value of t from the experimental curve. 
(For a description of the derivation of diflusivity, D, from the equations for Darcy's 
Law and of continuity for the conservation of matter, see Klute, 1986.) If the 
chosen value of Df/4L2 is taken as w, then the diflusivity is given by 

D - w4L2lt 

where t is the experimental value of time corresponding to the chosen value of w. 
If the volume of the sample is V, the specific water capacity C is given by 

C - QWtVLh 

and conductivity is given by K - DC. 

4.0 QUALITY ASSURANCE/ QUALITY CONTROL 

The pressure transducers in the pressure regulation system are calibrated on a schedule 
described in SOP 1.2.3.3. The balances used to weigh the samples are calibrated 
once a year by a certified balance technician. 
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5.0 REFERENCES 

Klute, A., 1964, Water Diffusivity, in Methods of Soil Analysis, Part 1, Am 
Sc. Agron., Soil Sci. Soc. Am. 

Rasmussen, T., D.D. Evans, P.J. Sheets, J.H. Blanford, 1990, Unsaturated 
Fractured Rock Characterization Methods and Data Sets at the Apache Leap 
Site., NUREG/CR-5596. 

Program listing for "GUOPT" 

10 CLEAR 709 
20 DISP "ENTER SETPOINT (PSIG)" 
30 BEEP 
40 INPUT A 
50 DISP "ENTER SETPOINT (CENT)" 
60 BEEP 
70 BEEP 
80 INPUT U 
90 GOTO 170 
100 OUTPUT 709 , "VR5VT1" 
110 OUTPUT 709 , "DC4,4" 
120 IF A-B< .5 THEN 140 ELSE 130 
130 WAIT 1000 
140 WAIT 50 
150 OUTPUT 709 ,"D04,4" 
160 WAIT 750 
170 OUTPUT 709 ,"AI34" 
180 ENTER 709 , B 
190 B=(B+.000065)*381.9 
200 DISP B 
210 OUTPUT 709 ,"VC1" 
220 OUTPUT 709 ,"AI39" 
230 OUTPUT 709 ,"VC0" 
240 ENTER 709 , T 
250 T=T*100000 
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260 T—LOG(T) 
270 T= 1/(T*T*T*.0000000932444- .002361*T+.0012855)-273.15 
280 DISP T 
290 IF T+.2CU THEN 300 ELSE 310 
300 OUTPUT 709 ,"DC4,0" 
305 GOTO 340 
310 IF T-.2>U THEN 315 ELSE 340 
315 OUTPUT 709 ,"D04,0" 
340 IFB+.OKA THEN 110 ELSE 170 
350 END 



132 

Procedure F: Pressure plate control system 

1.0 INTRODUCTION 

The following instructions describe the Pressure Plate Control System (PPCS) used to 
control the gas pressure applied to the pressure plate extraction vessels and/or Tempe 
cells. The PPCS is used in Procedures A, B, C, D, and E. The equipment used in 
the experiment described earlier in this text is located in a constant temperature room 
(244), of the Old Geology Building at the University of Arizona. 

The PPCS is a series of transducers hooked up to lines of compressed Nitrogen gas 
with electronic valves which are controlled by a computerized system. The PPCS 
provides precise and continuous gas pressure from compressed gas cylinders to 
pressure plate extraction vessels and/or Tempe cells. The system is capable of 
providing pressure to three main lines up to 600 kPa with a precision of plus or minus 
1 kPa. 

2.0 MATERIAL AND EQUIPMENT 

1. Hewlett Packard model 85 computer (sn 214A43) with 16k Memory 
module, model 82903a, with ROM Drawer and HB1P interface 

2. Hewlet Packard Data Acquisition Control Unit Model 3497A, with a 
20 Channel Guarded Acquisition Card Model 4421, and a 16 Channel 
Actuator Output Card Model 44428 

3. Five Setra pressure transducers, Model 205-2, range 250 PSIG 
4. 24 volt dc power supply 
5. 2 water well pressure tanks used as air reservoirs 
6. 3 pressure gages 
7. Circuit control board 
8. Solenoid valves 
9. Nitrogen tank 

1 0. High pressure tubing and quick-release connections 

3.0 PROCEDURES 

A. Pressure Plate Extraction Vessel Setup 

1. Soak the ceramic pressure plate in water for at least 4 hours before 
using. After soaking, rinse in tap water and set the plate in the 
extractor vessel supported by the pegs on the side of the vessel. 

2. The extractor vessel should be placed on the table top in the constant 
temperature room. Connect the appropriate pressure lines via the quick 
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release connection to the vessel. 
3. Place cores saturated with CaSO« solution (see SOP 1.2.3.2 for 

preparation of solution and SOP 1.1.1 for saturation of cores) on the 
saturated filters papers in the extractor vessel. Good moisture contact 
can be accomplished by moistening the filters papers and ceramic plates 
with a fine spray or mist of CaSO« solution. 

4. Place 4-5 700 g lead weights on top of the cores. The weights are used 
to impose an external load on the rock cores to improve the contact 
between the rock and the ceramic plate. 

5. Connect the small rubber tube from the nipple at the top of the ceramic 
plate to the outlet on the inside wall of the pressure vessel. Another 
small rubber tube should be connected to the outlet on the outer wall of 
the vessel and open end left in a beaker. 

6. If necessary, apply a very scant amount of O-ring grease to the O-ring 
on the lid of die extractor vessel and bolt down the lid. Always tighten 
the wing nuts as you would a car wheel, tightening opposite wing nuts, 
gradually increasing tightness as you go around. 

Ceramic pressure plate maintenance: 
1. To remove calcium carbonate deposits from the surface of the 

plate, carefully sand the surface with a fine or medium grade of 
garnet or sandpaper. Deposits in the pores of the ceramic can 
be removed by flushing a 10% solution of hydrochloric or acetic 
acid through the pressure plate extractor under pressure. This 
should be followed by a similar flush of clear water. 

2. When a ceramic plate is to be dried for storage after a run, it is 
important to keep evaporation deposits on the surface to a mini
mum. This is easily accomplished by covering the surface of 
the ceramic plate with a thin layer of fine dry soil and allowing 
it to set for several days until dry. 

B. Onerate Program for Pressure Control to Extraction Vessels: 
1. Turn on power to computer, data acquisition device, and power supply. 
2. Let system warm up for IS minutes. 
3. Place "pressure plate control" tape into computer. 
4. Type "LOAD POTS". 
5. Press LIST. 
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6. Move cursor to change variables Zl, Z2, Z3 (line 60-80) to 0.00. (note: 
press ENDLINE after each entry). 

7. Press (Shift) RESET. 
8. Press RUN. 
9. For each pressure enter -10.0, and for each range enter 20.0. 
10.Open bleed off valves to the three main lines so that the system can 

equilibrate to atmospheric pressure. 
11.Three columns of numbers representing Zl, 72, 73 (left to right) will scroll 

across the screen. Record in the laboratory notebook the average values of 
Zl, Z2, 73. This is the zero offset of the pressure transducers at 
atmospheric pressure. 

12.Press LIST. 
13.Move cursor to Zl, Z2, Z3 (line 60-80) and change 0.00 values to the 

zero offset values from step 11. 
14.Close bleed off valves. 
15.Press (Shift)RESET. 
16.Press RUN. 
17.Enter desired pressure and range in kPa as prompted. For pressures of 50 

kPa and less, the range should be > 1 kPa and for pressures between SO 
and 500 kPa the range should be S .5 kPa. For pressure lines that are not 
being used, set the pressure at -10 and the range at 20. 

18.The program controls the solenoid valves which initiates the filling of die 
extraction vessel with Nitrogen gas. The clicking sound is the solenoid 
valve opening and closing. A switch can be used to override the solenoid 
valve to decrease the time for filling the extraction vessel. When the 
pressure in the line and vessel are at the desired value, the solenoid valve 
remains closed until the pressure transducer registers a change greater than 
the given range. 

19.When the experiment is complete, press (shift) RESET to stop the program. 
Set the pressure to zero. Remove the outlet rubber tubing from the beaker 
of water so that resaturation does not occur as the pressure decreases in the 
vessel. 

20.To release the pressure in the vessel, open the bleed-off valves on the 
circuit board. Wait for all the pressure to be released from the vessel, 
remove the wing nuts, and carefully remove the lid. 
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4.0 QUALITY ASSURANCE/QUALITY CONTROL 

There are five Setra pressure transducers which need calibration checks every 4 
months for the first year of use. The drift of the calibrations over one year will be 
examined and the calibration schedule will be reevaluated. The calibration check 
procedures for pressure transducers is outlined in SOP 7.2. 

5.0 REFERENCES 

Hewlett Packer manual for Data Acquisition Control Unit, Model 3497. 

Ceramic Plate Extractor Operating Instructions Manual, SoilMoisture Equipment 
Corp., Santa Barbara, CA. 

Program "POTS" used to regulate pressure control system may be obtained through 
the director of NRC-funded research, Department of Hydrology and Water Resources 
at the University of Arizona, Tucson, AZ, 85718. 
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