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ABSTRACT DE93 008408

For problems where media properties are measured at one
scale and applied at another, scaling laws or models must be
used in order to define effective properties at the scale of
interest. The accuracy of such models will play a critical
role in predicting flow and transport through the Yucca
Mountain Test Site given the sensitivity of these
calculations to the input property fields. Therefore, a
research program has been established to gain a fundamental
'mderstanding of how properties scale with the aim of
developing and testing models that describe scaling behavior
in a quantitative manner. Scaling of constitutive rock
properties is investigated through physical experimentation
involving the collection of suites of gas permeability data
measured over a range of discrete scales. Also, various
physical characteristics of property heterogeneity and the
means by which the heterogeneity is measured and described
are systematically investigated to evaluate their influence
on scaling behavior. This paper summarizes the approach
that is being taken toward this goal and presents the
results of a scoping study that was conducted to evaluate
the feasibility of the proposed research.

INTRODUCTION

A subject currently receiving considerable attention in
hydrology as well as other branches of science and
engineering is the scale dependence of effective media
properties. In part, scaling effects result from the
physical heterogeneity inherent to most geologic media.
Scale effects also arise as the relative importance of
different flow and transport processes shift as the scale of
analysis changes. Of course, scale effects are an issue
only when the scale of measurement differs from the scale of

sI application, which is generally the rule rather than the
i[] exception.
|

_ :aling laws or models are intended to provide a means

of transforming heterogeneous small scale data to larger
scale effective properties, while preserving the signature
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" of the small scale flo_ and transport processes and media

heterogeneity. Properties used in conjunction with
deterministic flow and transport models are commonly scaled

by means of volume averaging methods.l, 2 In contrast,
constitutive parameters satisfying stochastic models are

scaled by mean of ensemble averaging.3, 4,5 These
deterministic and stochastic scaling methods are predicated

on the assumption that the porous media possesses a discrete

hierarchy of scales, that is a finite number of nested
structural subunits. 6 However, not all geologic media

exhibit this discrete hierarchy, which has led to the

development of alternative scaling methods. For such cases,
fractal models have been proposed for accomplishing the

desired scaling.7, 8

A number of theories, representing a wide diversity of

approaches, have been proposed for "scaling-up"

measurements. Although numerous models have been developed,
a basic understanding of the way in which properties scale

as well as an understanding of the factors that influence

scaling has yet to be achieved. Important fundamental

questions include:

- How is scaling behavior influenced by changes in the

physical characteristics of media heterogeneity?
- Do rock properties scale across discrete hierarchical

scales?

- In what manner does flow and transport process scaling

influence the scaling of constitutive properties?

- Do rock properties scale in a predictable and/or
quantifiable manner?

Because issues concerning property scaling will impact

predictions of flow and transport through the proposed Yucca
Mountain repository site, a research program has been

established to begin addressing the questions raised above.

The program described here is part of a broader research
effort aimed at better undarstanding rock property

variability and in turn developing models for describing

property heterogeneity. "9

This paper outlines the salient features of the

approach adopted to investigate property scaling, followed

by a discussion of a scoping study that was performed to
evaluate the feasibility of the proposed research program.

For the scoping study, both the methods employed in the

investigation as well as the results obtained are described.

APPROACH

Others have addressed the issue of property scaling

from a variety of approaches. For example, conceptual

scaling models have been developed from a purely theoretical



• basis, 2,4,5,7 by means of numerical experimentation

involving the simulation of random and correlated property
fields, and through physical experimentation conducted in

the field and lab.10, II,12 The program described here

differs from most previous studies in two significant ways:

- rock properties are actually measured and compared over

a range of discrete measurement scales, and
- factors believed to influence property scaling are

investigated in a systematic fashion to isolate
relative contributions to overall scaling behavior.

The following paragraphs outline these aspects of our

program in more detail.

Investigations aimed at understanding and describing

property scaling behavior require the collection of large
suites of data over a range of measurement scales.

Furthermore, such measurements must isolate scale effects,
which requires that rock property measurements be made in a

consistent manner, with consistent physical boundaries and

geometry, and be made with a high level of precision. For
purposes of this investigation, measurements also need to be

rapid, inexpensive, and non-destructive. The technique that
meets these criteria makes use of a simple instrument known

as a gas permeameter, which was originally developed in the

petroleum engineering field.13, 14 The permeameter is

capable of interrogating volumes of rock ranging in scale
from a few cubic millimeters to thousands of cubic

centimeters. The permeameter is designed to operate in the

laboratory as well as the field. Du_ing the initial stages
of this program, investigations have been confined to the

laboratory where measurements are made more accurately,

thoroughly, and under a more controlled environment.

Fundamental understanding of property scaling is

achieved through systematic physical experimentation. This

involves performing a suite of investigations in which
critical factors influencing property scaling are

systematically isolate_ and studied. A preliminary list of

factors identified for investigation by this program is

given in Table i. The isolation of different heterogeneity
characteristics is achieved in a relative sense by careful

selection of the blocks of rock for investigation. Other

factors influencing property scaling are controlled by

adjusting the data acquisition strategy.

As data are collected by means of systematic physical

experimentation, efforts are made to distill this

information into conceptual scaling models. The first phase

of analysis focuses on identifying potential empirical

scaling relationships. The first step is to investigate the

summary statistics describing the sample distribution and
correlation structure of the various data sets from
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TABLE i. Factors that influence property scaling.
m_

i. Characteristics of the Heterogeneity:

a. nature of heterogeneity (i.e., bedded vs. random),

b. scale of heterogeneity (discrete vs. continuos),
c. intensity of heterogeneity (range in property

values) ,

d. frequency of heterogeneity (frequency of pattern
recurrence),

e. anisotropy.

2. Phenomenological Characteristics:

a. transitioning of dominate flow or transport process
with a change in scale,

b. system dimensionality.

3. Characteristics of the Measurement Scheme:
a. scale(s) of measurement,

b. sampling resolution (number and separation of

measurement sites),

c. scale of application (scale at which measured data
are used in modeling flow and transport),

d. length scale (extent of outcrop or rock block over
which measurements are made).

different measurement scales. Characterization of scaling
behavior in this manner is of particular importance because

these summary statistics represent the key input to

deterministic and stochastic scaling models. Because these

summary statistics do not always provide diagnostic
information on scaling behavior, fractal characteristics

and/or other descriptive characteristics of the gas

permeability data sets are also explored. Efforts have also

been made to identify empirical relationships describing

location-cente_ed scaling behavior (where measurements made

at different scales are centered on the same location) that
will help define whether the sampled media exhibits a

discrete or continuous hierarchy of scales. Finally,

efforts are made to established a theoretical support for
the noted behavior. Such efforts rely heavily on

comparisons with current scaling theory.

SCOPING STUDY

A scoping study has been performed to evaluate the
feasibility of the proposed research plan. The objective of

this study was to see if the data acquired by means of the

proposed experiments would provide insight into the nature

of property scaling. The performance of the gas permeameter
has also been evaluated in terms of its ability to acquire

precise data over a range of measurement scales.
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Methods

The first step in the scoping study involved the

acquisition of gas permeability data at three different
measurement scales on a slab of welded tuff. The

permeameter used in the investigation consisted of a series
of flow meters (each of differing sensitivity) and a

pressure gauge connected to a source of compressed nitrogen.

A sequence of specially designed injection nozzles, the
diameter of which defines the scale of measurement, were

used to establish a known boundary condition on the rock
surface. Based on information concerning seal geometry,

flow rate, and injection pressure, the gas permeability was

estimated by means of a modified form of Darcy's Law. ID

q'_'Po
K= ............... (i)

a-G o. 0.5 (P2-Po 2)

Where K is gas permeability, q is gas-flow rate, Po is

atmospheric pressure, P is gas injection pressure, p is gas

viscosity, a is internal tip-seal radius, and Go is a

geometric factor, care was taken in selection of the gas

injection pressure used in the experiments so as to avoid
significant gas-slippage or high velocity effects. 15 It

should be noted that absolute permeability is not the

primary interest in these experiments, rather the

differences in permeability measured at different scales is
the principle focus.

The rock slab selected for use in this investigation

measured approximately 90 cm by 90 cm by 2.5 cm. The slab

was sawn from a boulder of welded Topopah Spring Tuff
removed from Busted Butte at the Nevada Test Site. The

primary heterogeneity in the tuff slab are phenocrysts and

pumice that are randomly dispersed in a finely crystalline

matrix. The phenocrysts and pumice range in size from a few
millimeters to a few centimeters (average 10-15 mm) and are

spaced on the order of i0 mm apart. The slab was cut

parallel to the plane of ash flow deposition so that the
pumice clasts do not provide continuous flow paths through
the tuff slab.

Gas permeability measurements were made on a square
grid at three different measurement scales corresponding to

i=,ner tip-seal diameters of 1.27, 2.54, and 5.08 cmo Two

hundred eighty-nine measurements were made at each of the
two smaller scales while 81 measurements were made at the

largest scale. The in(permeability) fields acquired at each

measurement scale are given in Figure I.
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• Results

The first step in analysis of the three gas

permeability data sets is the investigation of the influence
of measurement scale on the summary statistics describing
the data distributions and correlation characteristics. The

cumulative frequency distribution and summary statistics for
each of the data sets are presented in Figure 2 and Table 2

respectively. Inspection of the summary statistics reveals
that all but the sample mean show a distinct relationship

with measurement scale. For example, an increase in

measurement scale is accompanied by a decrease in sample

variance and the maximum permeability value while the
skewness, kurtosis, and minimum permeability value are noted

to increase. Variogram analysis was also performed (Figure

3). Very little difference was noted between the variograms
calculated for different orientations. As a result a

spherical model was fit to the omnidirectional variogram for

each data set. It was noted that the correlation length

associated with the measured variograms increased with

increasing measurement scale. Although measurements need to
be made at additional scales, prospects for fitting

empirical scaling relationships to the summary statistics of

the data look promising. Characterization of measured data

in terms of fractal geometry is reserved for future
investigation.

Table 2. Summary statistics of the in(permeability)
measurements.

Statistic Internal Tip-Seal Diameter

1.27 cm Dia. 2.54 cm Dia. 5.08 cm Dia.

Mean (m _) -31.21 -30.98 -32.20
Variance 0.87 0.26 0.21

Skewness 0.82 1.48 2.01

Kurtosis 0.63 3.66 5.57 .....

Minimum (m 2) -33.00 -32.50 -32.50

Maximum (m z) -28.30 -28°70 -29.90
Correlation 9.00 i0.00 20.00

Length (cm)

The second step in the analysis focused on the

location-centered scaling behavior of the gas permeability

data. In Figure 4 gas permeability is plotted as a function

of measurement scale for five different grid points

(considered to be representative of the general behavior

noted at the other grid points). The most notable feature
of the data is the haphazard fashion with which the
location-centered measurements scale. Such behavior is

expected given that the scale of measurement is significant
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in relation to the scale of heterogeneity (as indicated by
the correlation length, and physical description of the rock

slab). In other words the measurement scales selected do
not correspond to the representative elementary volume (REV)

for this rock. 16 To determine whether the sampled rock slab

possesses a discrete or continuous hierarchy of scales,
measurements at additional scales will be required.

The analyses described above are aimed at defining

empirical relationships that may be useful in modeling

property scaling. A critical factor in establishing the

validity of empirical scaling models is the ability to

support such models with a strong physical basis. To pursue
this goal we rely on comparison of empirical models with

theoretically based scaling models. Comparisons are made on

the basis of both scaling model assumptions and the

predictive capabilities of these models. For this scoping

study, goodness-of-fit tests were performed to evaluate
whether the measured gas permeability data sets could be

modeled by a lognormal distribution. The computed X2 values

given in Table 3 are much greater than the critical value of
14.07 for 7 degrees of freedom and a 5% significance. As

such the null hypothesis, that the data are lognormally

distributed, is rejected for all three data sets. Possible
reasons for this behavior are that this is an inherent

scaling characteristic of the rock slab or that this
behavior is an artifact of the relative scales of the

problem (i.e., small length scale in relation to the scale

of the heterogeneity and measurement scale). It would be

instructive to compare estimates of the effective gas

permeability of the rock slab (computed at the length scale
of the slab), as predicted by various scaling models, using
the three gas permeability data sets. However, because the

data are not log-normally distributed no simple scaling
models are suitable for scaling the data. One alternative,
which will be attempted at a later date, would be to

simulate the steady-state flow field that develops in

response to the measured property field and calculate the
effective gas permeabil_ty by an inverse method.

b

Table 3. Goodness-of-fit test results.

Inner Tip- Computed X2 Critical X2 Significance
Seal Dia. Value Value

(cm)
1.27 32.78 14.07 5%

2.54 65.93 14.07 5%

5.08 38.62 14.07 5%

The data collected for this scoping study has also been

used to evaluate the performance of the gas permeameter. An

analysis of variance (ANOVA) was performed to determine

7
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whether the observed variability in gas permeability is a
result of permeameter measurement error or is a result of

rock property variability. A separate analysis was

performed for each of the scales of measurement employed in

this scoping study. The data sets used for this analysis
consisted of 17, 17, and 9 groups of data, corresponding to

an inner tip-seal diameter of 1.27-, 2.54-, and 5.08-cm

respectively, each of which contained two gas permeability
measurements made at the same location. Results of the

analysis are given in Table 4. For both of the smaller
scales of measurement, the computed F-value, which is the

ratio of between group variance (variance due to rock

property heterogeneity) to within group variance (variance

resulting from measurement error), is over an order of
magnitude greater than the F-statistic, estimated at a

significance level of 5%. Hence, in-both cases the null

hypothesis that the means of the 17 groups of gas
permeability data are equal was rejected. Therefore, the

variance associated with the three gas permeability data

sets can be attributed to the heterogeneity of the sampled
tuff slab and not to systematic sampling error. For

measurements made using the 5.08-cm diameter tip-seal,
measurement error was found to be significant in relation to

the heterogeneity of the tuff slab. The increased
measurement error is believed to stem from difficulties in

manually sealing the large tip-seal against the rock slab.
Analysis of the accuracy of the gas-permeability

measurements has not been performed at this time, in part

because of the lack of a suitable means for measuring gas
permeability with which to compare to the gas permeameter
measurements, and because reliable differences rather than

absolute gas permeability are the primary focus of this

program.

Table 4. Analysis of variance table.

Source of "Sum of Degrees Mean Computed F Critical
Variation Squares of Square F Value

Freedom

Between 3.98a 16 " 0.25 35.30 2.28

Groups (3.44) b (16) (0.21) (58.56) (2.28)

[0.28] c [8] [0.03] [2.52] [3.23]
Within 0.12 17 0. 007

Groups (0.06) (17) (0.003)

[0.12] [9] [0.010]
Total 4. i0 33

(3.51) (33)

[0.41] [17] -- ,....

a 1.27-cm diameter tip-seal data
b 2.54-cm diameter tip-seal data

c 5.08-cm diameter tip-seal data



Based in part on the findings of the scoping study,
three modifications to the gas permeameter test procedure

are currently planned. The test system needs to be
automated in order to speed the measurement process and

improve measurement precision by standardizing the

compression of the tip-seal against the rock surface. Also,
efforts will be made to more accurately define the flow

field geometry established by the permeameter, and hence
better define the actual scale of measurement. Based on the

work of Goggin et al., 15 the hemispherical zone of influence

of the permeameter (for an "infinite" block of rock) has a
radius of 4 times the inner tip-seal radius; however, this

assumes a homogeneous, isotropic media. Other method

improvements include the use of blocks of rock that are
thick in relation to the measurement scale, as opposed to

rock slabs, to avoid the influence of the bottom ambient

pressure boundary. It is unlikely that the lower boundary

had significant influence on the preliminary data reported

in this paper given the low permeability of the rock and the
low gas-injection pressures.

CONCLUSIONS

This paper outlines a research program aimed at gaining

an understanding the processes controlling property scaling.

Also reported are the results of a scoping study that was
performed to evaluate the feasibility of the proposed

research. Results of the scoping study show that the gas

permeameter provides an efficient and precise method for

acquiring rock property data over a range of measurement
scales. These results also suggest that the summary

statistics of the gas permeability distributions and

location-centered gas permeability data representing
different measurement scales provide useful information

concerning the scaling behavior of constitutive rock

properties.
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Figure i. Ln(K) fields associated with measurement scales
of; a) 1.27-cm Dia. inner tip-seal, b) 2.54-cm Dia. inner

tip-seal, and c) 5.08-cm Dia. inner tip-seal.
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