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Heter ogeneity

* VVadose zone characterized by S
heterogeneous geologic materials-—

o Spatial variability of unsaturated hydraullc
properties influences the movement of

— water
— vapor
— non-agueous phase liquids (NAPL’ ).



One Approach to
Char acterization

o Large number of hydraulic property
observations (eg, Deflaun et al., 1997)

e Ontypica or test materials

— outcrops, excavations, boreholes,
core and other samples

 Interpreted using models
— geostatisical
— geological



Y ou could take many samples
back tothelab...

Removing multiple samples for [aboratory
analysisis:

e expensive,

 time-consuming, and

e may not yield results representative of
heterogeneous field conditions.



Simple and rapid field methods
for estimating In Situ properties

Appealing & cost-effective, but need.

— rapid measurements
> small sample volume (measurement support)

— low cost per data point
— accurate (unbiased) spatial statistics

— measurements should accurately reflect the spatial
variation of properties between sampled locations,

— appropriate instrument range

> relevant to the range of typical conditions
— clastic sediments
— low clay content (such as found at many DOE sites).



Propertiesof interest

saturated (intrinsic) permeability, k

(or saturated hydraulic conductivity, K
porosity, ¢.
relative permeability, k- (fcn. of saturation)

pore pressure - saturation
— especially key parameters like air entry value



tipseal

Gas Minipermeameter

* Principle (eg, Daviset a, 1994; Tidwell & Wilson, 1997):

— Measure flow rate for applied pressure drop.

« Darcy'sLaw in a unigue geometry

— Yields measure of (effective) intrinsic permeability:

— Using atransient, can also give porosity.

N
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k ork, = -
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where G, (2)=510 and F =
RTp 2

(G, from Kerr & Wilson, 2000)




Miniperm Flow Field

Contour of Pseudo-Potentials Mormalized Stream Functions
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Two kinds of instruments:

Compressed Gas Tank +

Gas Minipermeameter

Mass Flow Meters:

Falling Piston +
¢ Stop Watch”'

Valve

RSN

Pressure
Relief
Valve

icrometering Valve

Solenoid > Ma
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(eg,Tidwell & Wilson,

Pressure Requlator

1997)

-

Rock Sample

(eg, Daviset d., 1994)




Large Block Studies

X-Y Positioner
(eg, Tidwell & Wilson, 1997)

Unistrut
Frame
-

Positioning
System Table

/ Pneumatic
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Motor Belt
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Height
Rock
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Outcrop Studies

(eg, Daviset al., 1993, 1997; Deflaun et al., 1997; Sigdaet al., 1999)



Block Face Photographs

Massillon Sandstone Berea Sandstone ah Spring Tuff
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0.31cm Tip Sed Map Photograph

1.27cm Tip Sed Map

a) Massilon Sandstone
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Massillon Sandstone

672 x 62 cm

Semivariogram Normal to Lamination

Massillon Sandstone; Face 5
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Effective Permeability

of an Instrument

Model: power law convolution of
e point scale permeability and
o agpatial filter or weighting function
 over the volume of the sampled rock.

ker = B (r,z6)k*(r,z6)dvV o0
Vv

where B (r,z0) = spatial weighting or filter fcn [L™]
1= B (r,z6)dV
® = averaging POWEN (- 1for hamonic, + Lfor arithmetic)
k(r,z6 ) = point scale permeability [L/T]
V = sample volume [L°]

After Matheron, 1965; Marle, 1967; Baveye & Sposito, 1984; Cushman, 1984;
Desbarats, 1992: Tidwell et. al, 1999, others. » = 0 case not shown.



Calculating Filter Functions

* Two approaches

— Experimental methods,

» For example, using many measurements taken at
several different scales (Tidwell et al, 1999).

— Theoretical method,
* New (Wilson and Aronson, 1999).
» Uses adjoint state sensitivity analysis.

» Can be applied to other instruments.



Weighting Function (cmj

Empirical 2D Spatial Weighting Functions
Berea Sandstone; Face 2

Distance from Center of Measurement (cm)




Calculating Filter Functions

e Two approaches

— experimental methods,

* Using many measurements taken at several different
scales (Tidwell et al, 1999)

— theoretical method
e new (Wilson and Aronson, 1999)

 uses adjoint state sensitivity analysis
 can be used for any instrument



Theoretical 3D
POINT WEIGHTS

Weight greater
under the tip
seal

Weight greatest
at inner edge,
then outer edge.

Less weight
along centerline

Weight drops off
logarithmically
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Relative Contribution

Percentage of Contribution to Effective k
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Welghting Functions

e |ndicatethat

—theregion directly beneath the inner tip seal
no-flow boundary makesthe greatest
contribution to the measur ement.

— 95% of thetotal weight is contained in a
right cylinder within aradius equal to 2.3
timestheinner tip seal radius (95% inside
2.3xa)

— I'n good agreement with previous published
Indirect numerical and experimental
observations.



For saturated properties we
can (mostly) satisfy criteria;

— rapid measurements, small sample volume
— low cost per data point
— accurate (unbiased) spatial statistics

— measurements should accurately reflect the spatial
variation of properties between sampled locations,

— appropriate instrument range

Although we have to deal with the non-uniform
gpatial filter function when interpreting results.



What about relative perm, k. ?

e \WE' ve (Holt, wilson, Glass)
— evaluated standard instruments & methods, and
— designed new tools.

e Let’slook at the tension infiltrometer,
— Most common field instrument.

— Use error propagation (Holt et a., 2000)
* to consider the effects of instrument bias
* recalling that i1s a much more non-linear instrument.



Congder thetension infiltrometer
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Arethesevariogramsreal, or dothey reflect
spatial statistical biasdueto an instrument bias?
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Elin(a)]

Elin(a)]
AN
Sorting

Observation errors cause spatial biasin
variogram model parameters

(221 Separate Monte Carlo Simulations over Parameter Space)
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Addition of inversion model error changes
the spatial bias
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For unsaturated properties
we cannot satisfy criteria:

— rapid measurements are difficult
— cost per data point is not low

— gpatial statistics are not accur ate
— they are spatially biased, because of non-linearity

— measurements do not reflect the spatial variation of
properties between sampled locations,

— Instrument ranges are limited

We need alternatives.



Alter native measur ements;

Estimate scaling parameters
using surrogate methods. (s ciasy

— Measure parameters that scale
pressure-saturation and k. curves

* g, saturated hydraulic conductivity an d
air-entry pressure

— Example instrument: modified mini-permeamemter

* €9, add water-flow apparatus;
measure air-entry pressure



Alternative description of
spatial variability:

Replace continuous field with indicators. ¢

— Examples of indicators.
e cutoffs(e.g., the median) of a continuous field, and
o distinct (discrete) architectural elements or facies.
— Preliminary studies suggest
o statistics of indicators are more accurately
estimated,

 even in the presence of significant instrument
noise and bias.
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