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ABSTRACT

A quantitative approach for evaluating the effectiveness of site characteri-
sation measurement activities io developed and illustrated with an example
application to hypothetical measurement schemes at a potential geologic
Je^Jitory site for radioactive waste. The method is a general one and could
also be opplied at site, for underground disposal of hazardous chemicals. The
approach presumes that measurements will be undertaken to support predictxons
of the performance of some aspect of a constructed.facility or natural
system. It requires a quantitative performance objective, i^eb as groundwater
travel time or contaminant concentration, against which to compare predictions
of performance. The approach recognizes that such predictions are uncertain
because the measurements upon which they are based are uncertain. The effec-
tiveness of measurement activities is quantified by a confidence index, B,
chat reflects the number of stendard deviations separating the best estimate
of performance from the predetermined performance objective. Measurements
that reduce the uncertainty in predictions lead to increased values of 0.

The link between measurement ind prediction uncertainties, required for the
evaluation of 0 for a particular measurement scheme, identifies the measured
Quantities that significantly affect prediction uncertainty. The components
of uncertainty in those key measurements are iP-tial variation, noise,
estimation error, and measurement bias. Identifying the components that con-
tribute significantly to uncertainty in key measurements can lead to new or
modified measurement schemes that reduce prediction uncertainty. The B-inde*
approach is illustrated by focusing on measurements to determine hydraulic
conductivity for predictions of groundwater travel times at a specific site.
Limited data from the site and the results of sensitivity studies for
groundwater flow models are used to evaluate various measurement schemes.

INTRODUCTION

Groundwater contaminated with hazardous substances may threaten drinking-water
resources, either now or in the distant future. Contaminants being detected
in water supplies now were often released into the environment year* ago.
Croundwater contaminants are transported and mixed over relatively long
periods of time in an environment that is not easily monitored. As opposed to
Ehe relatively rapid mUing that takes place in surface-water environments,
the slow dispersal of 8roundwater contaminants results in minimal dilution.
Therefore, the concentrations of hazardous constituents may remain at high
levels for long periods of time.
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Because groundwater contamination spreads slowly, opportunities are provided
for engineering containment options and remedial actions. However, complex
geologic environments, somewhat inaccessible to detection, may make planning
such activities difficult. Mathematical modeling of groundwater flow and
transport processes is central to designing engineering solutions for ground-
waters contaminated with hazardous substances. The modeling is usually based
on measurements- taken in the subsurface environment. Modeling and measure-
ments are the primary cools available to answer the following questions posed
by existing and potential groundwater contamination:

1. What is the extent of groundwater contamination?
2. What will be the extent of groundwater contamination in the future?
3. What is the potential extent of groundwater contamination from an existing

or planned source not presently leaking?

"Extent" simply refers to the subsurface distribution of groundwater con-
taminants, including whatever is known about their concentrations. However,
the extent of contamination is often only suggested by point measurements at a
few locations. Models are needed to fill in the gaps in the limited data
gathered to characterize the extent of the contaminant plume. Models are also
needed to evaluate the hazards associated with continued spreading of the
contamination and to plan for possible remedial measures, both of which
require predicting the extent of the plume at future times. Evaluating the
potential for groundwater contamination from an engineered hazardous waste
repository is an essential part of the repository design process and also
involves predicting future events based on site characterization measure-
ments. In both instances, the scope of modeling efforts and measurement
activities is determined by weighing the expected risk of contamination
against their respective costs.

Models for predicting the extent to which groundwater has been contaminated by
hazardous substances range from relatively simple "plume" models, in which
two-dimensional spreading occurs in a steady and uniform mean groundwater
flow, to three-dimensional transport models coupled to flow models, in which
the unsaturated zone as well as the saturated zone is included. In all such
models, certain physical parameters and coefficients must be determined from
measurements. The simpler models have fewer such termr, even though they
usually embody the effects of several processes. Geochemical and biochemical
processes aside, modeling the physical processes that determine the extent of
a contaminant plume requires information on the hydraulic conductivities,
porosities, and dispersion coefficients of the soil or rock medium and on the
sources of the contaminants. In many instances of contamination due to past
disposal practices for hazardous substances, the source location, source
strength, and time of release are not well known. Lack of this information
•akes model calibration difficult for specific site application.

Measurement strategies are tied closely to the models employed to describe or
predict the extent of groundwater contamination. Water samples from produc-
tion or monitoring wells often provide the first indications of contamina-
tion. Soil gas measurements and soil samples may also help indicate the
extent of contamination. Time neries of groundwater quality data are seldom
available; if they are, they can suggest directions of transport and rates of
motion and spreading. Despite the importance of such data, information on the
primary characteristics of physical transport at a site are even more



essential. A study by the U.S. Environmental Protection Agency indicates
that: "Additional effort devoted Co site-specific characterizations of
natural process parameters, rather than relying almost exclusively on chemical
analyses of ground-water samples, can significantly improve the quality and
cost effectiveness of remedial actions at such sites" (Keely, 1987). In
predicting the extent of future contamination, site characterisation is the
only basis for determining tite-specific model parameters.

Measurements to determine flow and transport characteristics at a site com-
monly involve coring, laboratory analyses, field pumping tests, and tracer
studies, all of which are relatively expensive. And, even though such
measurements are often logistically complex and expensive, they usually
provide only reduction in, and not elimination of, the uncertainty associated
with the parameter values needed for modeling. Thus, in planning site
characterisation activities in support of modeling, the most relevant question
is "how many measurements are enough?" Or, sore specifically, how many of
what kinds of measurements are enough? In general, that question is very
difficult to answer. However, the method presented here attempts to link,
quantitatively the measurements undertaken with the reduction in uncertainty
in the predictions made with models.

The method is illustrated with an example that concerns predicting the
groundwater travel time associated with a potential leak from a mined geologic
repository for high-level radioactive waste. The method is also applicable to
various problems associated with contamination of groundwater by hazardous
substances. Although the time and space scales and costs of site character-
ization activities for hazardous waste problems may be an order of magnitude
or more smaller than those for high-level radioactive waste, quantifying the
uncertainty to assist decision making is still an important problem. A recent
study of the interaction between risk-based engineering design and regulatory
policy concerning waste management facilities (Hassmann and Freeze, 1987)
points out why such information on the relationship betueen planned measure-
ments and prediction uncertainty is sc crucial.

BACKGROUND

The motivation for the study reported here is site characterization associated
with radioactive waste disposal. The Nuclear Waste Policy Act (NWPA) of 1982
establishes a national program in the United States to locate, construct,
operate, and eventually decommission one or score mined geologic repositories
for high-level radioactive waste. The NWPA, as well as subsequent Nuclear
Regulatory Commission and Environmental Protection Agency regulations,
requires isolation of the waste for thousands of years by means of multiple
engineered and natural barrier systems. The Department of Energy manages this
program, which includes projects that focus on each of four candidate geologic
•edis ~ salt, basalt, tuff, and crystalline rock.

In NWPA terms, "site characterization" refers to the program of exploration
and research, both in the laboratory and in the field, undertaken to
establish, for a particular site, the geologic conditions (and the ranges of
those parameters) that are relevant to the design and performance assessment
of a geologic repository. Specific guidance on the content and scope of site
characterization requires that the extensive measurement efforts associated



with thi* program be driven by issues related to the performance objectives.
The performance objectives stem from regulations concerned with groundwater
travel tines before waste emplacement, release rates of radionuclides to the
accessible environment, and the like. Site characterization costs for the
three candidate repository locations for the first repository are estimated to
be on the order of $500 million for each site. Geological field measurements
are expected to constitute about 2SZ of those costs.

The challenge to planners and evaluators of site characterisation schemes is
to determine "how many measurements are enough" or, in more concrete terms, to
assure that additional measurements will improve performance assessments by
reducing uncertainties in performance predictions. In other words, the
justification for measurements should be that they will provide the data
necessary for carefully designed performance assessments.

METHODS

As part of a study of the scope of site characterization plans and the basis
for evaluating them, we examined the relationship between neasurement
strategies and the value, in terms of meeting performance objectives, of the
data generated. A group of engineers and geoacientists worked together to
modify and expand evolving concepts in the field of reliability analysis for
application to this problem. The result was development of an approach to
evaluating site characterization plans that provides a quantitative measure of
the effectiveness of a given measurement scheme in terms of some performance
objective. The approach provides a means of examining the uncertainties
associated with the measurements and estimating the effectiveness of
additional measurements in reducing those uncertainties. We used the approach
to evaluate relatively simple measurement strategies for situations with a
single performance objective. Application to the full site characterization
plan for a repository for radioactive waste is complicated by multiple
performance objectives and an extremely complex mix of measurements. However,
the logic of the approach is certainly applicable to the evaluation of major
data-acquisition portions of such a plan, even if a simple quantitative
measure proves unattainable.

The evaluation method is based on three postulates: (1) performance
objective, y , is to be attained or exceeded; (2) performance, y, is to be
predicted using a model that requires input resulting from measurements, z,
obtained during site characterization (see Figure 1), and (3) uncertainties in
the measurements, which can be represented in tenst of their variances (or
standard deviations) about mean values, will caus' uncertainties in the
predictions that can also be characterized by a variance (see Figure 2).

This approach can be applied, for example, to the performance objective for
groundwater travel time. Assume that the travel time of groundwater from a
source (repository) to some fixed boundary or location is required to exceed
1000 years. Hodels for predicting groundwater velocity, and thus time travel,
require input concerning aquifer geometry, porosity, hydraulic conductivity,
and hydraulic head distributions. The values of each of these variables are
determined from measurements and have different associated levels of uncer-
tainty. When combined in the model, the uncertainties in the measurements
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Figure 1.
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Relationship of Site Characterization Measurements to Performance
Objectives for Radioactive Waste Repositories
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Figure 2. Effects of the Uncertainties in Site Characterization Measurements
on the Uncertainties in Performance Predictions

result in a distribution of predicted travel time*, which is characterized by
a mean value and a variance. The distribution of predicted travel times
relative to the performance objective of 1000 years indicates how the
uncertainties in measurements affect the likelihood that the objective will be
eet or exceeded.

A quantitative index, B, is proposed to indicate the effectiveness of a
particular measurement strategy,

y - y.

(vy)
1/2
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Figure 3. 6 Index: A Measure of Uncertainty in Performance
Predictions (y • Mean, y • Objective, and V • Variance)

This index aeasures the number of standard deviations separating the mean
prediction from the performance objective, as shown in Figure 3. It is a
typical measure used in first-order reliability analysis (Yen et al., 1986).
As the value of 0 increases, the likelihood that the predicted performance
values exceed the performance objective increases. If the distribution of
predictions is normal, the probability that the objective will be exceeded can
be related directly to the value of 8. In that case, for example, a 8 equal
to 1.0 implies a confidence level of 842 that the performance objective will
be exceeded. Should the value of 6 increase to 2.0, the confidence level
would increase to About 98Z. Decreasing the uncertainty, or variance, of the
prediction increases the B value, and prediction uncertainty can be reduced by
reducing uncertainties in the measurements.

The site characterisation strategy should be an attempt to reduce the
uncertainty in those measurements that are major contributors to total
uncertainty and not to expend effort reducing the uncertainty associated with
all measurements. In the groundwuter travel time example, if the prediction
of travel time is sensitive to the uncertainty in hydraulic conductivity



values and noc particularly sensitive to the uncertainty in hydraulic heads,
then measurement schemes should focus on reducing the uncertainty associated
with hydraulic conductivity values.

A first-order multivariate statistical approximation exists (Benjamin and
Cornell, 1970) that permit* the variance in a prediction to be estimated as a
function of the model's sensitivities to parameters (measured values) and the
correlations between the parameters (covariances of measured quantities),

V
n

x.
T^-| — Cov(x. ,x.).

This approximation can be used for simple models with algebraic relationships
between predictions and measurements; it can also be used with the results of
sensitivity studies of complex numerical codes to identify the components of
prediction uncertainty related to specific measured variables.

Once specific measurement variables have been identified as major contributors
to the uncertainty in prediction, the sources of uncertainty in those measured
values are analyzed. We consider the total variance associated with the
distribution of a measured quantity to have the four components indicated in
Figure 4: spatial variation, measurement noise, statistical estimation error,
and measurement bias (Baecher, 19B2).

Data
Scatter

Spotiol
Variation

v,

1

Total Uncertaint/
and Error, Vx

l

Measurement
Noise

v2

•

1

Systematic
Error

i
Statistical

Estimation i.rror
Measurement

Bias

v4

Figure 4. Components of Uncertainty in Measurements

Spatial variation often accounts for much of the uncertainty in measurements
of geologic parameters. The magnitude of uncertainty associated with spatial
variations depends on the spatial resolution of the model used for prediction
as well as the inherent natural variation in geologic properties in space»
Measurement noise is the result of random operator and instrument error.



Noise effects are embedded in data, along with spatial effects, and the
autocorrelation properties of data may need to be examined to separate these
two components of data scatter uncertainty. Statistical estimation error i9
the uncertainty introduced by the number of observations used to estimate
means and variances. The magnitude of this component of variance decreases as
the nuaber of measurements increases. Measurement bias is the uncertainty
introduced systematically in measurements by a particular measurement
technique sometimes biasing the actual values or because a variety of
measurement techniques, each with its own bias, have been used.

Examining the components of the variance of a particular measurement variable
is essential for evaluating the effect of additional measurements. If, for
exemple, the large uncertainty in hydraulic conductivity values is known to
exist because of large natural spatial variations in hydraulic conductivity,
making additional measurements will not significantly reduce that
uncertainty. On the other hand, if a major portion of the variance associated
with hydraulic conductivity data is due to measurement bias, correcting the
data to a common base or limiting future measurements to a single type may
affect the prediction measurably.

The method developed allows a site characterization strategy to be examined in
terms of the measurements that produce the largest contributions to prediction
uncertainty relative to some performance objective. Measurements so .,
identified are then scrutinized with respect to the components of measurement
uncertainty. Additional measurements, or changes in the means of making
measurements, are evaluated in terms of their effects on the variances of the
key variables. Thus, a link between measurements and prediction is developed
that permits estimating the quantitative effect of measurement schemes on
prediction.

RESULTS AND CONCLUSIONS

The method described above was exercised using data from an early candidate
site for a salt repository, together with a hypothetical groundwater-travel-
time scenario and simplified measurement programs. The site was the Richton
salt dome in Mississippi. We assumed that the repository would be located
within the dome and that analyses would be made regarding potential releases
of radionuclides to the aquifers flanking it. Regional groundwater modeling
done by others included the results of sensitivity studies concerning the
influence on groundwater velocity of hydraulic conductivity and boundary
hydraulic heads, results that are necessary to link measurement uncertainties
to travel-time predictions. Several geologic and hydrologic field
investigations in the major aquifers near the dome provided data from which
uncertainties in measurements could be estimated.

The problem considered was prediction of the groundwater travel time in the
Upper Wilcox aquifer. Existing sennitivity studies (INTERA, 1984) indicated
that groundwater velocity in that aquifer near the dome was more sensitive to
the uncertainty in hydraulic conductivity values than to uncertainty in
boundary head data. For the sake oiF this example, only the hydraulic
conductivity data were examined to determine the components of measurement
uncertainty. We postulated alternative measurement strategies involving
different numbers of single-well-packer and multiwell pumping tests and



estimated their effect on reducing the uncertainty in hydraulic conductivity
values.

Analysis of hydraulic conductivity data from the Upper Wilcox aquifer in the
Mississippi area (Edgar, personal communication) indicated relatively large
(though not uncommon) variability, with a coefficient of variation (standard
deviation of the data divided by the mean) on the order of 0.8. Th« data from
the Upper Wilcox are insufficient for a statistically significant
determination of the portion of this variability due to spatial variation and
the portion due to noise* However, we analyzed the autocorrelation features
of a larger set of hydraulic conductivity data from a stratigraphically
similar aquifer in the Houston area and determined that almost 50Z of the data
scatter there was attributable to spatial variability and that the rest was
measurement noise, and therefore subject to reduction. We then assumed that
such a condition existed for the data scatter for hydraulic conductivity in
the Upper Wilcox aquifer.

To estimate the effect of the test method on measurement bias in the
determination of hydraulic conductivity, we examined hydraulic conductivity
data from common depth intervals in the Lower Wilcox aquifer. The data were
gathered by core testing, single-hole formation testing, and pumping tests.
The coefficient of variation of those data attributable to differences among
test techniques was on the order of 0.4.

Using the results of the sensitivity studies with the numerical model for
groundwater velocity in the Upper Wilcox aquifer, we calculated the effect of
the variance in hydraulic conductivity data on the uncertainty in travel-time
predictions. The coefficient of variation in travel time resulting from
hydraulic conductivity effects was about 0.41. We examined several
measurement schemes intended to provide new data on hydraulic conductivity and
thereby improve the prediction of travel time. Core testing was not included
in the schemes, and multiwell pumping tests were used to calibrate the packer
tests. The two cases, which were made simple for demonstration purposes,
consisted of (1) four borings with four packer tests per boring and two
multiwell pumping tests and (2) eight borings with sight packer tests per
boring and four multiwell pumping tests. Decreased variances due to
statistical estimation error and measurement bias resulted from the larger
number of tests and increased calibration in the second scheme, and the total
variance in travel-time predictions decreased. The 8 value associated with
the second scheme is about 17Z greater than the first, indicating t it the
data gathered under the second may lead to a greater likelihood of .he travel-
time performance objective being exceeded. Examination of the situation in
which spatial variability accounts for almost all the variance in hydraulic
conductivity values indicates that such additional testing would have little
effect or. prediction uncertainty. The cost of the additional borings and
tests in the second scheme can be associated with the predicted increase in 8
to provide a basis for judgment as to the value of the additional
seasurements.

The suite of measurements likely to be undertaken as part of site character-
ization activities for repository design is far more complex than the simple
example investigated for the Richtom dome site. However, the logic for
examining measurement schemes is parallel. Prediction models should be
examined with regard to their response sensitivity to uncertainties in



measured quantities, and measurement uncertainty mutt be disaggregated to
determine whether additional measurements will markedly reduce prediction
uncertainty.

The application of this method to site characterization problems associated
with the disposal of hazardous chemicals seems appropriate. While the costs
associated with measurements at such sites are likely to be considerably less
than those estimated for mined geologic repositories for radioactive wastes,
they are often substantial. First-order reliability analysis of the type
suggested here provides a quantitative basis for planning measurement programs
and evaluating their technical and cost effectiveness.
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