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ABSTRACT

The drainage behaviors of air-water and DNAPL-water fluid pairs were measured
in an 18 cm long column of fractured shale saprolite. Fluorinert™, which is a non-
hazardous perfluorocarbon with low solubility and a density of 1.87 g/ml, was used in
the experiment as a surrogate for hazardous DNAPLs. The general drainage behaviors
of air and Fluorinert were similar. Fracture porosity measurements based on air and
Fluorinert drainage were 0.026 and 0.031, respectively. These results are significantly
larger than the value of 0.004 estimated from the cubic law, which is calculated from

fracture spacing and bulk hydraulic conductivity.

Initial entry of air and Fluorinert into the saprolite column occurred at relatively
low capillary pressures, equivalent to 13 and 7.5 cm of water head, respectively. These
entry pressures correspond to fracture apertures of 121 and 142 pum respectively, which
are significantly larger than the hydraulic aperture of 50 pm predicted from the cubic
law. Entry of the non-wetting phase into the matrix porosity occurred at a capillary
pressure equivalent to 174 cm of water head for both air and Fluorinert, which
correspond to matrix pore throat diameters of 16 and 12 pm, respectively. Predictions
of Fluorinert behavior from the air-water data, using a scaling factor based on the fluid

interfacial tensions, overestimated the initial fracture entry pressure by 26%, and



underestimated the initial matrix entry pressure by 26%. The disagreement between
predicted and measured values is expected to be small relative to the natural variability
of fracture aperture and matrix pore size in this material, which suggests that pressure-
saturation data from air-water experiments can be used to estimate behavior of other

immiscible fluids in this material.

Capillary pressure - saturation relationships were calculated at various elevations
within the sample to determine if the capillary pressure calculated at a single constant
elevation could be considered representative of a tall sample. It was observed that no
single constant elevation represents the capillary pressure of the sample well
throughout the drainage. A simple method was proposed to estimate the elevation of
the moving immiscible interface within the sample from the applied nonwetting phase
pressure and the initial matrix entry pressure. This moving elevation can be used to
calculate a capillary pressure that should better represent the pressure conditions
throughout the drainage. The van Genuchten (1980) retention relation was fitted to

the experimental capillary pressure - saturation curves and provided a better fit than

the widely-used Brooks and Corey (1964) model.
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INTRODUCTION

The migration and eventual distribution of dense non-aqueous phase liquids
(DNAPLS) in fractured clay-rich materials is distinctly different from DNAPL
behavior in unfractured porous materials because of the differences in the distribution
of pore or fracture openings in these materials. A DNAPL has sufficiently low water
miscibility that it migrates through a porous material as a discrete fluid phase. Entry
of the DNAPL into a water-saturated medium occurs when the capillary pressure
present at the base of the DNAPL body is equal to or greater than the displacement
entry pressure of the largest pore or fracture of the material (Kueper and McWhorter,

1991). The capillary pressure present at the base of a DNAPL body is given by
P =P -P, (1)

where P, is the capillary pressure, and P, and P, are the nonwetting and wetting
phase pressures present at the base of the DNAPL body. The displacement entry

pressure required for entry into a circular pore is given by (Corey, 1986)

B 40 cosf

P =
m 2 r (2)




where P, is the displacement entry pressure of the pore, o is the interfacial tension

m

between the nonwetting (DNAPL) and wetting (water) phases, @ is the contact angle
between the DNAPL and the solid medium, and r is the pore radius. The

displacement entry pressure required for entry into a fracture is given by (Corey, 1986)

_ 20 cosé

e )

P
2b

where P, is the displacement entry pressure of the fracture, and 25 is the distance

between two parallel fracture surfaces. Because the capillary pressure required for
entry into fractures is smaller than that required for entry into the much smaller pores
of the clay matrix, fractures can act as conduits for DNAPL migration through
materials which, if unfractured, would be a capillary barrier for the DNAPL. The
resulting DNAPL distribution in the fractured clay is determined by the orientation of
the largest connected fractures and could be very erratic. Furthermore, since fractures
are typically a small portion of the total porosity of such a material, a DNAPL spill of
finite mass, migrating exclusively through fractures, would distribute through a larger
volume of material than it would in an unfractured granular material, even if both

materials had similar values of total porosity.

Although the entry pressure required for entry into a clay matrix is often higher

than would be present in a typical spill situation near ground surface, the capillary
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pressure of a DNAPL, and hence its ability to enter small pores, increases with depth.
In cases where the continuous body of spilled DNAPL extends to depths of a few
meters or tens of meters the initial entry pressure of the clay matrix might be exceeded
(Figure 1). In this case, DNAPL would occupy both the fractures and some portion of
the matrix porosity. When the DNAPL begins to migrate from the fractures into the
matrix porosity, less of it is available to distribute through the fracture system, and the
DNAPL is confined to a smaller volume of material. Since most of the total porosity
of the material is in the matrix, the total volume of contaminated material is
potentially much less. In a modeling study of DNAPL migration in a fractured porous
rock, Slough et al., (in review) showed that exceeding the matrix entry pressure can
have a significant influence on the overall extent of DNAPL migration. These issues
are significant to estimation of the volumes of material contaminated by a DNAPL as
well as the choice of a remediation strategy because it may require a very different
strategy to remediate or mobilize DNAPL in matrix pores than it would if the

DNAPL was exclusively in fractures.

Because DNAPL migration and distribution are largely controlled by capillary
behavior, any attempt to estimate or model its movement in a material requires
determination of the capillary pressure behavior of the DNAPL in that material.
Saturation is a function of capillary pressure in a sample. Procedures to measure

capillary behavior versus saturation, (hereafter referred to as the P-S relation) were
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Figure 1. Conceptualization of DNAPL distribution in fractured clay-rich materials.



first developed to study air-water relations for agriculture, and hydrocarbon-water

relations for petroleum production. More recently, the same concepts and procedures
were successfully applied to immiscible contaminants such as DNAPLs in groundwater
(Lin et al., 1982; Kueper et al., 1989). Thus the capillary behavior of a DNAPL in an
unfractured material such as the clay matrix is easily determined using standardized
procedures, and can be represented by retention functions such as those of Brooks and
Corey (1964) or van Genuchten (1980). The Brooks and Corey retention function is

given by (Brooks and Corey, 1964)

A

S-8, Pd)
S”—I—S, _(Pc for P, > P, 4
S,=1 for P <P, ()

where S, is the effective wetting-phase saturation, S is the wetting-phase saturation,
S, is the residual wetting-phase saturation, P, is the displacement entry pressure, P, is

the capillary pressure, and A is a pore-size distribution index. The van Genuchten

retention function 1s given by (van Genuchten, 1980)

5= 1 for P>P 6

= = >
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where S, is the wetting-phase saturation at a capillary pressure equal to zero, and «a,

n,and m are fitting parameters. These retention functions can then be incorporated

into computer models designed to estimate DNAPL migration in the material.

If the entry pressure at which an immiscible phase enters a material is known, then

the fracture or pore size it first entered can be estimated using equation 2 or 3. It

follows that the entry pressure at which another immiscible phase would enter the

same material can be predicted from

o, cosé, P,
a2 =

®)

g, cosf,

where P,, is the predicted entry pressure of the second fluid, P,, is the entry pressure
of the measured fluid, o, and &, are the interfacial tensions of the two fluids, and 6,
and 6, are the contact angles between each fluid and the soil minerals. Experimental
studies by Dumore and Scholls (1974) and Lenhard and Parker (1987) demonstrated
that the P.-S behavior of one immiscible fluid can be scaled by the ratio of interfacial
tensions to give a good approximation of the P-S behavior of other immiscible fluids
in the same material. This implies that the contact angle does not change significantly
and that for equivalent saturations, the capillary pressure relationship between two

different immiscible fluids in the same material can be approximated by




¢l (9)

If this approximation is also applicable in fractured materials, the capillary behaviors of
hazardous DNAPLSs such as trichloroethene or perchloroethene could be predicted

from the measured capillary behavior of a non-hazardous immiscible fluid such as air.

When fractures are present and the matrix porosity of a material has a high entry
pressure, DNAPL migration will occur exclusively in the fractures, so the capillary
behavior of the fracture system is of interest. In such a material, the P -S behavior
should be measured directly in the fractures. Reitsma and Kueper (1994) measured the
capillary behavior of a single horizontal fracture in a laboratory sample of massive
dolomitic limestone. They found that traditional P-S measurement procedures
worked well in this situation. The single fracture exhibited the expected capillary
behavior and the observed P.-S relationship was easily fit by the Brooks and Corey
model. In this approach, the Brooks and Corey pore-size distribution index, 4, is

replaced by an aperture-size distribution index.

Although the Brooks and Corey approach proved adequate for the single-fracture
case investigated by Reitsma and Kueper (1994), traditional procedures for measuring
capillary behavior may not be directly applicable to systems of fractures. The standard
procedure for measuring capillary behavior consists of applying a nonwetting fluid at a

known pressure to a sample of the material to be analyzed, waiting for an equilibrium



condition, and then determining the saturation of wetting phase in the sample (Klute,

1986). This procedure produces one pressure-saturation data pair. Additional data
pairs are produced by incrementing the nonwetting fluid pressure. These data produce
an equilibrium pressure-saturation drainage curve that can then be fit to the Brooks
and Corey retention function, or one of several other such empirical relationships (van
Genuchten, 1980; Su and Brooks, 1975) to describe the capillary behavior of the
sample. This approach assumes that one data pair of pressure and saturation values can

represent the entire sample at each equilibrium condition.

However, when the densities of the nonwetting and wetting fluids are different, the

capillary pressure, P, varies with height within the pressure cell according to the

equation (Liu and Dane, 1995)
P.(2)=P,(2)- P,(2) (10)

where z is the elevation of the interface between fluids within the pressure cell, P, (z)
1s the non-wetting fluid pressure at z, and P, (z) is the wetting fluid pressure at z.
General expressions derived by Liu and Dane (1995) to determine P, (z) and P, (z) for

various pressure cell configurations were adapted for use with the pressure cell

configuration used in this study (Figure 2). They are given by



Nonwetting Fluid

Sample 7.c 7

Wetting Fluid

Figure 2. General pressure-cell configuration. The nonwetting phase pressure (Pn) is measured
at the sample influent level (Zn), and the wetting-phase pressure (Pw) is measured at the
sample effluent level (Zw). The elevation datum is the sample effluent level (Zw).




P,(2)=P, -p,glz-z,) (11)

for p, <p,
P.(2)=P, - p,gz~2,) (12 1
and ;
P(2)=P, - p,g(z, - 2) (13)
for p, > p,
P(2)=P,-p,8(z, -2) (14)

where P, and P, are the nonwetting- and wetting-fluid pressures measured at z,and
z,, (Figure 2), p, and p, are the nonwetting- and wetting-fluid densities, and g is the
gravitational field strength. Because pressure varies with height within the sample, one
pressure value cannot represent the pressure conditions everywhere within a tall
sample, but is only representative of one elevation within the sample. Because of this
limitation, the standard procedure for measuring capillary behavior suggests that
samples should be less than 2 cm tall (Klute, 1986). The variation of capillary pressure
with height in a sample of this height is negligible in comparison to the relatively large
capillary pressures needed to drain the wetting fluid from small pores to residual
content. Thus, little error is introduced by assuming that capillary pressure measured
at one elevation within the sample is representative of values throughout the sample.

This height constraint presents a problem for fractured samples. Large undisturbed

10



columns or pedons are often needed to obtain a representative sample of the

heterogeneity in a fractured system. In these cases, capillary pressure variations with
height may be significant in relation to the lower capillary pressures at which fractures

would drain, and hence, the height of the sample cannot be neglected.

If pressure variations with sample height are not neglected, equilibrium saturations
may not be representative of the entire sample either. If a sample is short and it is
assumed that one pressure measurement represents values throughout the sample, the
volume of wetting fluid displaced at a given equilibrium condition is usually assumed
to have drained from equal-sized pores throughout the sample. In a homogeneous
material, these pores would be uniformly distributed through the sample, thus the
displaced fluid would come equally from all parts of the sample, and the saturation
value at any equilibrium step would apply to the whole volume of material. If a
fractured sample is tall, the elevation of the interface between immiscible phases within
each fracture would be a function of the fracture aperture and pressure conditions at
each equilibrium step. Thus, it may not be assumed that the wetting fluid was
displaced uniformly from the whole volume of the sample because of the distribution
of capillary pressures from top to bottom of the sample. For these reasons the P -S
relation of a tall column cannot be considered as an aperture-size distribution relation.

These issues substantially increase the difficulty in determining a representative

11



relationship for the capillary pressure versus saturation relationship in fractured

materials.

The primary objectives of this study are: 1) to experimentally determine the
capillary drainage behavior of two immiscible fluids in the same tall sample of
fractured clay-rich material and to determine initial entry pressure of the fractures,
initial entry pressure of the matrix, and the general drainage behavior of the fracture
systems; 2) to evaluate the possibility of predicting initial fracture entry and initial
matrix entry of a DNAPL from air-water measurements in this material; and 3) to
explore the applicability of using the Brooks and Corey or van Genuchten retention

relationship to describe the drainage behavior of a tall fractured sample.

12



MATERIALS AND METHODS

Field Site and Previous Investigations

The material used for capillary drainage measurement in this study is fractured
shale saprolite excavated from a research site in Solid Waste Storage Area 7 (SWSA 7)
on the Oak Ridge Reservation (ORR) in eastern Tennessee (Figure 3). The site is
underlain by the upper unit of the Dismal Gap Formation of the Conasauga Group,
which is Middle Cambrian in age (Rothschild et al., 1984; Hatcher et al., 1992). The
saprolite, or isovolumetrically weathered and decomposed bedrock, is soft enough that
it can be excavated by hand tools, but retains the bedding features and fractures of the
underlying unweathered limey shale to limestone parent rock. Petrographic research
indicates that there are two distinct saprolite types at the site, (Penfield, 1998)
representing two parent lithologies. Calcareous siltstone beds weathered to a silty,
thin-bedded saprolite, and limestone beds weathered to a weakly consolidated, more
thickly bedded saprolite. The saprolite has three distinct fracture sets (Dreier et al.,
1987). One set consists of bedding-plane-parallel fractures and the other two sets are
joint sets that are perpendicular to the bedding planes and perpendicular to each other.
The bed parallel fractures were clay-filled or clay-lined and the bed-normal sets were
often of larger aperture (Penfield, 1998). The silty saprolite also has numerous, much

smaller fractures which were not observed in the limestone saprolite.

13
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The saprolite at the study area was the subject of many previous investigations of

subsurface hydrology and contaminant transport. Field and laboratory experiments
(Jardine et al., 1988; Wilson et al., 1993; Reedy et al., 1996) showed that solute
transport is influenced by advection through the fractures combined with diffusion
into the relatively immobile porewater in the fine-grained matrix. Laboratory
experiments (Harton, 1996; Cumbie, 1997; Haun et al., 1998) in undisturbed columns
showed that colloids are largely excluded from the matrix, and hence are transported

much more rapidly than solutes.

The previous studies at the site demonstrated considerable heterogeneity in the
saprolite. Cumbie (1997) carried out tracer experiments on an undisturbed column of
the saprolite collected from a depth of 1 to 1.5 meters and then disassembled it to study
fracture spacing. He reported mean spacing of 0.9 cm for the bedding plane fractures
and 2.7 cm for the joints, but the distribution of tracers on fracture surfaces indicated
that not all fractures were hydraulically active. The spacing of “active” fractures was
approximately 2.5 cm for both the bedding plane and orthogonal sets. Other
researcher have reported fracture spacing ranging from .005 to .04 meters (Dreier et al.,
1987; O’Brien et al., 1996; Harton, 1996). Saturated bulk hydraulic conductivity values
reported from both field and laboratory measurements in the upper two meters of
saprolite range from 7.6 x 10-6 m/s to 1.4 x 10-4 m/s (Wilson et al., 1989; Harton,

1996). In field measurements of hydraulic conductivity at different degrees of

15




saturation, Wilson et al. (1992) observed that fractures drained as saturation decreased

from 1 to 0.91, and hydraulic conductivity values decreased three orders of magnitude.
They predicted saturated hydraulic conductivity of the matrix to be between 4.3 x 10*
m/s and 6.5 x 10° m/s. Hydraulic aperture values calculated from the cubic law
(Snow, 1968), and measured values of hydraulic conductivity and fracture spacing for
large undisturbed samples of saprolite from the study site, ranged from 30 pm to 102
um (Harton, 1996; Haun et al., 1998;Cumbie, 1997). A summary of reported values of
pertinent physical properties is shown in Table 1. These values were all determined in
large undisturbed samples of the saprolite from the field site, and show a high degree of
heterogeneity even though each of the samples was excavated from a depth between 1

and 1.5 meters and within 3-4 meters of each other.

The capillary behavior of small undisturbed samples of the saprolite was measured
by Wilson et al. (1992). The behavior indicated drainage of the macroporosity to
residual saturation at capillary pressures between O and 1.0 kPa. Drainage from the
matrix porosity began at 29.5 kPa and continued to the end of the study at 980 kPa.
The capillary behavior of small samples of the clay matrix between fractures was
measured by the mercury porisimetry method (Dorsch and Katsube, 1998). This study
measured the drainage behavior between 140 kPa and 420 MPa, which characterizes
the porosity of pore throats smaller than 10 pm. The pore-size distributions were

highly variable from sample to sample and indicate a high degree of heterogeneity in

16
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pore sizes within the matrix porosity due to lithologic heterogeneity and degree of
chemical weathering. The geometric mean of the matrix pore radius ranged between
0.01 pm and 0.04 um for less weathered samples, and between 0.14 um and 1.170 pm
for more weathered samples. For the less weathered samples, few pores had a radius
larger than .01 um , while for the more weathered samples there was significant
porosity in pores between 0.01 pm and 10 um. In general, less than 3% of the matrix

porosity of all samples was in pores with a radius larger than 5 pm.

Sample Excavation and Setup

Excavation of the undisturbed sample for the current study used procedures
developed by previous researchers to minimize fracture disturbance (Jardine et al,,
1993; Cumbie, 1997). The cylindrical sample was excavated so that its long axis was
oriented parallel to the bedding, which dips at 69 degrees to the southeast. The long
axis of the sample is thus parallel to both the bedding plane fracture set and one of the
extension sets, which are roughly perpendicular to each other. Bedding strike is N34E.
The sample was excavated from a depth of 90 to 108cm below ground surface. Its final

dimensions were 18cm long, and 10 cm diameter.

The saprolite sample was placed within a PVC casing and epoxy was pored into the
annulus to prevent fluid flow between the sample and the casing. A porous ceramic

18




plate with an air entry pressure of 50 kPa was placed in direct contact with the effluent
end of the sample and firmly attached with more epoxy. End caps with influent and
effluent connections were then attached to each end of the column. The completed

pressure cell did not leak when tested at water pressures of up to 29 kPa.

Hydraulic Conductivity Testing

The sample was saturated with degassed 0.005 M CaCl, over a period of several
days to maximize saturation of the sample. This fluid was used as the saturation fluid
throughout the study. It was chosen to avoid dispersion of the clay in the sample. The
saturation fluid was applied to the bottom of the column by raising the applied head in
1to 2 cm increments to minimize air trapped in the fracture system. The hydraulic
conductivity of the sample was then determined using a constant head permeameter,
both before and after installation of the capillary barrier. The hydraulic aperture was
determined from the measured hydraulic conductivity and fracture spacing using the

cubic law (Snow, 1968; 1969)

K. -K)Y*2B*12* 4"
2b={( > m) /'li] (15)

p*g
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where 25 is the hydraulic aperture, K, and K|, are the hydraulic conductivity of the

bulk material and of the matrix respectively, 2B is the fracture spacing, u is the
dynamic viscosity of water, p is the density of water, and g is the acceleration due to

gravity.

Immiscible Fluids

In the first set of P -S measurements, air was used as the immiscible fluid measured
in the sample. The sample was then slowly re-saturated with degassed 0.005 M CaCl,
to bring the sample back to near complete saturation. The second immiscible fluid used
was Fluorinert™ FC-40, a multi-purpose non-hazardous perfluorocarbon
manufactured by 3M Corporation. Perfluorocarbons were found suitable for use as
surrogate DNAPL contaminants by Miller (pers. comm.) because of their physical
similarity to common DNAPL contaminants such as perchloroethene. The physical
properties of Fluorinert™ FC-40 as reported by the 3M product manual (1995) are:
density = 1.87 g/ml; water solubility = 7 ppm; and viscosity = 2.2 centistokes.

Miller (pers. comm.) reported an interfacial tension of 52 dynes/cm (5.2 x 102 N/m).

20



Capillary Pressure-Saturation Measurements

The air and Fluorinert measurement setups are shown in Figure 4. The drainage
behavior of the sample was determined by injecting the nonwetting fluid at the
influent end of the column, with pressure controlled by a digital screw pump designed
by GDS Instruments Ltd. for this purpose. The pressure controller could maintain
injection pressure targets set by the operator in the operating range of 0 to 100 kPa.
The control transducer could resolve pressure changes to 0.01 kPa and pressure targets
could be in increments as small as 0.025 kPa. Incrementing the applied pressure raised
the nonwetting fluid pressure in the cell because the nonwetting fluid could not pass
out of the column through the ceramic capillary barrier. This increase in nonwetting
pressure created a temporary total pressure gradient in the column. In response to this
imposed gradient, the wetting fluid passed through the capillary barrier and through
the effluent tubing into a collection flask until equilibrium was regained. In this way,
the nonwetting fluid pressure was incremented while the wetting fluid pressure stayed
constant, controlled by the elevation where the effluent tubing was open to the
atmosphere. Data collected during drainage are in the form of a nonwetting pressure
at the influent end of the sample (at z,), the volume of water displaced from the
sample through the effluent line, and the volume of nonwetting phase injected by the
pressure controller. Pressure in the wetting phase is constant and was controlled by

the elevation of the outlet of the effluent line. The time allowed for equilibrium to be
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established for each pressure increment was judged by the operator from continuously

displayed information on volume and pressure change reported by the data logging
equipment. During both injections, target pressure increments gradually increased
from .025 kPa at the beginning of the injection to 1kPa as the total applied pressure

reached the upper limit.

Because air is less dense than water, it was injected from the top. The sample was
oriented so that the flow direction corresponded to the in-situ groundwater flow
direction. The effluent tubing was open to the atmosphere at an elevation of 19 cm
above the soil effluent level so that a 1.1 cm column of water was above the soil
influent level at the start of pressure increments. The elevation of the visible air/water
interface in the influent tubing was monitored for the first few pressure targets before
the interface moved into the pressure cell and was no longer visible. When several
pressure increments failed to displace additional water from the sample, the air was
interpreted to be in contact with the soil at the influent end of the column, but at
capillary pressures lower than the initial fracture entry pressure. Fluid displaced from

this point onward was considered to be from the sample. Because the elevation at

which the effluent tubing was open to the atmosphere was constant, the wetting fluid
pressure, P, at z, was also constant at 1.86 kPa throughout drainage. During the air

injection, 84 pressure targets were set over the pressure range of 0 to 22.0 kPa. The
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average target increment was 0.20 kPa. Equilibrium times varied from a few minutes

up to 21 hours. The air injection lasted 13 days.

Fluorinert was injected from the bottom because it is denser than water. The
pressure cell was inverted so that the flow direction was the same as during the air
injection. The controller reservoir was filled with Fluorinert and pressure increments
began with a Fluorinert/water interface visible in the influent line. As before, the
elevation of this interface was monitored until it entered the pressure cell during the
first few pressure targets. When several pressure increments failed to displace
additional water from the sample, Fluorinert was interpreted to be in contact with the
influent soil level, but at capillary pressures lower than the initial fracture entry
pressure. Water displaced from this point onwards was considered to be from the

sample. The effluent tubing was open to the atmosphere at 18.25 cm above the
saprolite influent level z, so the wetting phase pressure P, at z, was constant at 1.79

kPa throughout the injection. Pressure increments continued until a rapid drop in
nonwetting phase pressure and the inability of the pressure controller to attain
pressure targets indicated a leak through or around the ceramic plate at 25.2 kPa. A
total of 153 pressure targets were set during the Fluorinert injection. The average
target increment was 0.14 kPa. Equilibrium times varied from a few minutes up to 184

hours. The Fluorinert injection lasted 54 days.
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RESULTS AND DISCUSSION

Hydraulic Conductivity and Aperture

Saturated hydraulic conductivity values for the column measured before
installation of the capillary barrier ranged from 2.9 x 10% to 4.6 x 10° m/s with a mean
of 4.0 x 10° m/s. The “hydraulic aperture” value for the column was 50 um. This
value was calculated using the cubic law (equation 15), with a bulk hydraulic
conductivity of 4.0 x 10° m/s, an “active” fracture spacing of 2.5 cm based on Cumbie,
(1997), and a matrix hydraulic conductivity of 4.0 x 10* m/s. This matrix hydraulic
conductivity was based on the predictions of Wilson et. al. (1992). The fracture
porosity determined from the hydraulic aperture and the measured fracture spacing
was 4 x 10°, which was much smaller than the measured bulk porosity of 0.54.
Estimated volume of fractures based on the sample dimensions and the cubic law
derived value of fracture porosity is 7 cm’. After the capillary barrier was installed,
hydraulic conductivity was again measured yielding a value of 1.1 x 10 * m/s. This
value was deemed sufficient to allow for rapid water drainage during the air and

Fluorinert injections.
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Capillary Pressure Measurements

The results of the air injection are plotted as the capillary pressure calculated at the
sample influent level as a function of the volume of water displaced from the sample
(Figure 5). The results of the Fluorinert injection are plotted as the capillary pressure
calculated at the sample influent level as a function of the volume of Fluorinert injected
into the sample (Figure 6). The volume of Fluorinert injected was used in place of the
volume of water displaced because a power interruption during the Fluorinert
injection caused a partial loss of data for the volume of water displaced. Because
Fluorinert is virtually incompressible and insoluble in water, the volume of Fluorinert

injected should very closely approximate the volume of water that was displaced.

Initial Fracture Entry

The initial entry of air into the saprolite macroporosity occurred at a capillary
pressure of 1.28 kPa and the initial entry of Fluorinert occurred at 0.73 kPa. These
pressures were identified as the first significant displacement of fluid from the sample
following several pressure increments with little or no water displaced. Assuming that

the geometry of the fractures in the sample can be represented as two parallel plates,
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and that the saturation fluid is perfectly wetting (6 = 0), the fracture apertures

corresponding to the measured air and Fluorinert initial entry pressures were
calculated using equation 3. The results were 113 um for the air and 142 pm for the
Fluorinert. These values are significantly larger than the hydraulic aperture of 50 pm,
and indicate that hydraulic apertures should not be used to predict the initial entry of a
DNAPL into a fractured material. Because the hydraulic aperture is an “average”
aperture calculated assuming that the fracture system is a uniform set of orthogonal,
equally spaced, parallel plate fractures all of equal aperture, it is be expected that some
fractures will be larger than this average aperture. Aperture values calculated from
observed entry pressures are measures of the largest actual aperture open at the influent

end of the sample.

Initial Matrix Entry

Prior to the injections, it was hypothesized, based on drainage behavior observed
by Wilson et al. (1992), that fracture drainage would occur rapidly once the
displacement fracture-entry pressure was exceeded, followed by a period of very little
until the displacement entry pressure of the matrix was exceeded. It was expected that
the initial matrix entry pressure could be identified as a significant displacement

following multiple pressure increments with little or no displacement, much like the
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behavior which identifies the initial fracture entry. As can be seen in Figures 5 and 6,

the behavior or the curves are similar to each other, but the behavior is not as was
hypothesized prior to the injections. Following the initial fracture entry, drainage
continues in both cases in a more or less regular pattern until a pressure of roughly 17
kPa is attained. There is no cessation of drainage that would be a positive indication of
the end of fracture drainage. There are at least two reasons which could explain the
lack of a distinct indication of fracture drainage. If there is a significant percentage of
matrix pores with much larger pore throats than most of the matrix, drainage from
these pores would be hard to distinguish from fracture drainage. Alternatively,
because there is a distribution of capillary pressures with height in the column, fracture
drainage could still be occurring from parts of the sample when other parts of the
fractures have ceased draining. The most likely explanation is some combination of

these two effects.

Both curves change behavior beginning at a pressure of 17.09 kPa for the air and at
17.05 kPa for the Fluorinert where more significant drainage occurs for individual
pressure increments. This change in behavior is interpreted to indicate that drainage
from the matrix began. Assuming that the pores in the matrix are circular, and that
the saturation fluid is perfectly wetting (6 = 0), the pore radii calculated using equation

2 for initial entry into the matrix at these pressures was 8 pm for the air and 6 pm for

the Fluorinert. These values are similar to the values reported by Dorsch and Katsube,
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(1998) who indicated significant porosity in pores with radii larger than 5 pm. A

direct comparison of initial entry values is not possible however, because they did not

measure an initial entry pressure, or quantify porosity in pores larger than 5 pm.

The depth at which any DNAPL would enter pores of this size can be estimated
given the density of the fluid and its interfacial tension. For example, if a water table
existed at a depth of 0.5 meter below ground surface, and a continuous body of
trichloroethene (density 1.487, interfacial tension 34.5 dynes/cm) extended from the

ground surface, then the displacement entry pressure for pores with radius 6 pm

(displacement entry pressure of 11.5 kPa from equation 2) would be invaded at a depth

of only 1.4 meters. This result suggests that even a small DNAPL spill would result in

migration of immiscible phase contaminants into the matrix pores of this material.

Fracture Volume

The total fracture volume determined from the air injection was 44.28 ml as
compared to 52.94 ml determined from the Fluorinert. The difference between these
values is most likely experimental error, because both fluids should theoretically
occupy the same aperture sizes at the point of matrix entry. The fracture volumes
correspond to porosity values of 0.026 and 0.031, which are six to eight times larger

than the fracture porosity value of .004 predicted from the cubic law, but lower than
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the range of .062 to .090 observed by Wilson et al. (1992) during laboratory drainage

experiments. All of the calculated fracture porosity values are much smaller than the
measured bulk porosity of 0.54, and other reported values which range from .35 to .47

(Wilson et al., 1992; Cumbie 1997). The drainage results are summarized in Table 2.

Air-Water Scaling

To evaluate the potential for estimating initial entry of DNAPL into fractures and
into the clay matrix from air data, the predicted entry pressures for Fluorinert were
calculated from the measured air data using equation 9, and compared to the observed
Fluorinert entry pressures. The predicted value of fracture entry was 0.92 kPa, which
was 126% of the observed entry pressure. The predicted matrix entry was 12.56 kPa,
which was 74% of the observed pressure. The drainage behavior of Fluorinert as

predicted from scaled values of the air drainage behavior is shown in Figure 7.

Contact angles were not measured for the fluid pairs used in the study. However,
fracture entry overestimation and matrix entry underestimation suggests that
differences in contact angle are not responsible for the lack of scaling agreement

because a ratio of constant contact angles would produce either overestimation or
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underestimation in both cases. The similarity between the two drainage curves

(Figures 5 and 6) suggests that air-water measurements could be used to estimate the
general drainage behavior of a DNAPL in this material, and to estimate the fracture
volume. The lack of agreement between the predicted and observed values for initial
fracture and matrix entry suggests that air-water scaled predictions of DNAPL entry
must be considered useful estimates, but not highly accurate representations of the

behavior.

P.-S Determination

Data produced during the injections consists of the pressure conditions at the
sample influent (z,) and effluent (z,,) levels and the saturation fluid (water) displaced
or nonwetting fluid injected for given pressure conditions. For a traditional P-S
relationship, the data need to be presented in the form of capillary pressure values as a
function of saturation for the fracture system. Thus for each equilibrium condition,
the displaced volume must be converted to a saturation, and the pressure conditions
must be converted to a capillary pressure. Because the actual volume of the fractures is
not known, the saturation of the fractures cannot be determined from the available
data. However, the total volume of saturation fluid displaced during the fracture

drainage can be considered the volume corresponding to irreducible saturation, because
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at this point, the apertures from which drainage occurs are size equivalent to pores of
the matrix porosity, and therefore are indistinguishable from matrix drainage. Based
on this reasoning, the total fracture volume is assumed to be 105% of the total water
displaced during fracture drainage, and saturations are calculated simply as a percentage
of this volume. Using this reasoning and treating the matrix as impermeable, the
measured drainage curves were overlain with conceptual curves showing the fracture
drainage (Figure 8,9). These conceptual curves are intended to represent the fracture

drainage independent of the matrix behavior.

If it is assumed that one capillary pressure is representative of the whole sample at
each equilibrium condition as in the traditional approach, an elevation must be chosen
as the most representative elevation of the sample, and capillary pressures would be
calculated at the various pressure conditions at this elevation using equations 10
through 14. The capillary pressures shown in figures 5 through 9 were calculated at
the sample influent level z=z,. This elevation was chosen for these figures because
the initial entry of immiscible phase into the fractures occurs at this elevation, thus the
value calculated as the 1nitial fracture entry pressure and the associated aperture
calculated from this pressure are correct. Similarly, because in both injections the
sample influent level is the elevation of greatest capillary pressure throughout the

injection, this is also the elevation at which the first matrix entry occurred, and the
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initial entry pressure into the matrix and associated pore size calculated from it are also

correct.

The effect of choosing other constant elevations within the sample to represent its
capillary pressure is illustrated in figures 10 and 11. These figures were produced by
plotting the capillary pressure calculated at three different constant elevations within
the pressure cell using equations 10 through 14, and the average capillary pressure as a
function of the wetting fluid saturation. The elevation curves represent the capillary

pressure at the sample influent (z, ), sample effluent (z,,), and middle elevations. The
average capillary pressure is simply the difference in the measured nonwetting (P, )

and wetting ( P, ) fluid measurements measured at z,and z,, respectively (Figure 2).

As can be seen in Figures 10 and 11, when the elevation for calculation of the capillary
pressure is moved from the influent end of the sample to the effluent end, the curve is
shifted toward lower capillary pressures. Although the influent elevation was most
representative for calculations of both the initial fracture entry pressure and the initial
matrix entry pressure, as the interface between the two fluids moves away from this
elevation during fracture drainage, this curve would become progressively less
representative of the sample. Similarly, the effluent elevation would be the most

accurate curve during final drainage of the fractures but least accurate for the early
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drainage. These influent and effluent level curves represent the extremes of possible
capillary pressures within the sample during drainage. In both cases, the effluent
elevation curve inaccurately implies that drainage occurred before a positive capillary

pressure was present in the sample.

Liu and Dane (1995) suggested that if the capillary pressure at one elevation is to be
considered representative of a sample, then capillary pressures should be measured in
the middle elevation of the sample. This suggestion was based on a sensitivity analysis
done in unfractured porous materials. As can be seen in Figure 10, the middle
elevation curve for the air data also inaccurately implies that drainage occurred before a
capillary pressure was present. To be useful in fractured materials, a capillary pressure
curve should accurately show the initial entry pressure, which is a critical parameter
for predicting immiscible phase migration. Neither middle elevation curve does this.
Because the average curves are not calculated at an elevation, they do not account for
differences in fluid densities, and therefore produce different curves for different
pressure-cell orientations for the same material. For the air orientation, the average
curve duplicates the effluent curve. For the Fluorinert orientation, the average curve is
shifted to higher capillary pressure, and incorrectly implies that no drainage occurs
until capillary pressure is well above the initial fracture entry pressure. From this

discusston it seems evident that no single elevation can represent the capillary pressure
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of the whole sample well, but that the actual capillary pressure should lie between the

influent and effluent curves.

Because the interface between immiscible fluids is assumed to move through the
sample during the drainage, the elevation used to calculate the capillary pressure should
move through the sample with the interface. This assumption is not applicable in
reality because the interface is not a plane moving through the sample. For given
pressure conditions, the interface would be at different elevations within fractures of
different apertures. Liu and Dane (1995) derived a relation to predict the elevation of
the boundary between saturated and unsaturated zones of the wetting fluid in an
unfractured homogeneous material. Adapted to the given application, the elevation is

given by

P,-P +P, - +
7z = d n w g(pnzn pwzw) Whel’l p"<pw (16)

g(pw - pn)

P,-P +P — zZ,—p,z
z = d " w g(pw w pn n) When p”>pw (17)

i g(p" —pw)

where z_, is the calculated elevation of the interface, P, is the initial entry pressure, g

is the acceleration due to gravity, p, and p, are the densities of the nonwetting and

wetting fluids respectively, and P,,P,,z,,z, are all as defined in figures 2 and 4.
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Because this relation will calculate elevations < 0 and > z, which have no meaning,

Liu and Dane (1995) defined an alternative variable z” to describe the interface given by

z =0 for z, <0 (18)

z' =min[z,,z,] for z, >0 (19)

When this relation is applied to the measured data during fracture drainage, the
result is a calculated interface that begins at the influent elevation at initial entry into
the fractures, moves quickly to the effluent level with increased pressure, and then
stays at this level through most of the drainage. This relation was intended by the
authors to identify the elevation of the interface between complete and partial
saturation of the wetting fluid in granular materials, based on the pressure conditions
and initial entry pressure of the sample. If it is applied to fractured materials, it
represents the location of the interface in the largest fracture present, and assumes that
this fracture has constant aperture throughout the length of the sample. Figures 12 and
13 show the capillary pressure curve resulting when the moving interface defined by
equations 16 and 19 is applied to equations 10 through 14. The influent and effluent
level curves from figures 10 and 11 are also plotted for comparison. As can be seen, the
Liu and Dane (1995) moving interface curves well represent the initial entry pressures

in both cases, remain constant at the initial fracture entry pressure as the interface
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moves through the sample, and then duplicate the effluent level curves. These curves
can be expected to represent the capillary pressure over the whole drainage curve better
than either the influent or effluent curves because both of those curves are very
inaccurate at one extreme or the other. The Liu and Dane moving interface may not
be the best representation of the location of the interface however, because it is based

on only the largest fracture in the sample. Thus z" goes to z, when the immiscible

phase has moved the length of the sample within the largest fracture of the sample.

A better representation of the moving interface may be one that defines it as
moving with the immiscible phase in the average sized fracture in the sample. There
are only two points during the drainage when the location of the interface is known or
can be inferred and can be represented by a plane. The location of the interface is
known to be at the influent elevation (z, ) at capillary pressures between O and the
initial entry pressure, and can thus be represented by a plane. If it is assumed that
fracture drainage has just reached irreducible saturation when the matrix drainage
begins, which is valid when pores of the matrix are much smaller than the fracture
apertures, it follows that the interface has reached the effluent level (z,,) in all fractures,
and again can be represented by a plane. Although it is expected that the location of
the interface is very erratic and not well represented by a plane at any point between

influent and effluent levels, an approximation can be made for the location of the
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interface if it is assumed that the interface is a plane that moves linearly between the

influent and effluent levels. This elevation z,1s given by

z.(P, - P)
z,=z,— '(—PI—:?I')— (20)

N

where z, is the elevation of the “average” interface, z, is the sample length, P, is the

capillary pressure calculated at the soil influent level, P, if the initial entry pressure

into the fractures, and P, is initial entry pressure into the matrix. As in the case of the

Liu and Dane relation, this relation will produce values for z, < Oand > z, which

have no meaning, so another variable must be defined by

z; =0 for z, <0 (21)

z, =min[z,,z,] for z,>0 (22)

where z;is the elevation of the “average” interface. The result of using this relation to
estimate the interface is 2 moving interface that progresses evenly from influent end to
effluent end as a function of the capillary pressure. This approximation of the interface
would be most accurate when the fracture network is uniform from top to bottom.
The drainage curves in the present study indicate that this might be true for the
saprolite sample, because the rate of drainage with pressure increase did not drastically

change during either injection, and the data do not indicate that fractures drained
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completely before matrix drainage began. Figures 12 and 13 show the P-S curves

resulting from using equations 20 through 22 to calculate the location of the interface
at given pressure conditions, and then using this elevation in equations 10 through 14.
This curve is accurate at the initial entry pressure, then steadily approaches the effluent
elevation curve at the residual saturation. Although an approximation, these curves
should represent the capillary pressure of a tall column better than any constant

elevation.

Brooks and Corey Curve Fits

A nonlinear least-squares optimization code (van Genuchten et al., 1991) was used
to fit the average interface P_-S air and Fluorinert curves to both the Brooks and Corey
(1964) and van Genuchten (1980) models (Figure 14, 15, Table 3, 4). The 95%
confidence intervals for these fits are shown in Table 5. As shown in Figures 14 and
15, the Brooks and Corey fits (BC Fit) were poor at both extremes of saturation when
all fitting parameters were optimized by the code. The initial entry pressure produced
by this fit was much above the observed value (Tables 3 and 4). When the initial entry
pressure parameters were fixed at the observed values and the other parameters were

optimized by the code, the fits (BC Fixed Entry) were worse, as can be seen visually in
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Figures 14 and 15 and indicated by larger residual sum of squares (SSQ) in Tables 3 and

4. The van Genuchten (1980) model was used to fit the data (VG Fit) following the
predictive model of Mualem (1976) for unsaturated flow and allowing all parameters to

be optimized. The Mualem (1976) model is given by

n=>1-m)™ (23)

The van Genuchten model was also used to fit the data with #nand m parameters
independent of each other (VG Variable m,n) the most general form of the van
Genuchten (1980) relation. As can be seen in Figures 14 and 15, and supported by
smaller residual sum of squares in Tables 3 and 4, the van Genuchten model produced
better fits to the observed data than the Brooks and Corey (1964) model. The best fits
were obtained with the most general form (VG Variable m,n), but the fit was poor at

the extremes of saturation.
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CONCLUSIONS AND IMPLICATIONS

This study has shown that air-water measurements of drainage behavior in a tall
sample of fractured shale saprolite can be a useful tool for the characterization of
DNAPL behavior in this, and likely in other fractured clay-rich materials. The air-
water measurements provided estimates of the initial fracture entry pressure, initial
matrix entry pressure, and fracture volume, all of which are needed to model the
behavior and distribution of DNAPLs in fractured materials. The initial fracture entry
pressure and fracture volume determined by this method are significantly larger than
cubic-law-derived approximations of these parameters. Although scaling of air-water
measurements to predict Fluorinert initial entry pressures into the fractures and matrix
was not exact (*26%), scaled estimates are useful as first approximations when
DNAPLs cannot be measured directly. The lack of agreement between observed and
scaled estimates are expected to be small relative to the natural variability of fracture
aperture and matrix pore sizes in this material. Further study is needed to determine

the spatial variability of initial entry pressures in this material.

This study has also shown that the distribution of pressures within a soil column
due to differences in immiscible fluid densities should be considered when capillary

pressures are determined for a tall sample of material. When the initial entry pressures
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are being determined, capillary pressure should be calculated at the sample influent

level, because this is the elevation where initial fracture and matrix entry will likely
occur. If a single, constant elevation must be used for calculation of the capillary
pressure throughout the drainage of a tall sample, the mid-point elevation of the
sample should be used. However, the accuracy of this representation will decrease as
sample height increases, and it may misrepresent the critical initial entry pressures into

both the fractures and the matrix.

Although the interface between immiscible fluids in a fractured material is expected
to be highly erratic, and its elevation cannot be determined in a traditional pressure-cell
setup, a method to approximate the “average” location of the interface as it moves
through the sample during drainage has been proposed. The approximation should
represent the capillary pressure within a tall sample better than any single constant
elevation. The Brooks and Corey (1964) model failed to represent the “average
interface” Pc-S behavior determined for the air-water and Fluorinert-water drainages
during this investigation. This result contrasts with a previous study (Reitsma and
Kueper, 1994) where the Brooks and Corey (1964) model provided a good description
of immuiscible fluid behavior in a single fracture in limestone. The van Genuchten
mode] (1980) representation was better in the current study, but it is not yet clear if
existing porous media functions are directly applicable to complex fracture systems,

such as occur in the saprolite.
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The study suggests that air-water Pc-S data that already exist for many materials, or

that can easily be determined, can be used to estimate DNAPL-water behavior. The
low fracture and matrix entry pressures for Fluorinert suggest that hazardous DNAPLs
such as trichloroethene and perchloroethene will easily enter the fractures of this
material, and may enter the matrix at relatively small “ponding” heights of a few
meters or less. Entry into the matrix will tend to decrease the volume of saprolite
contaminated by a spill of a given volume, but may also make it more difficult to

remove the DNAPL because much of it will be in the small matrix pores.
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