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DISCLAIMER

This document was prepared as an account of work sponsored by the
United States Government. Neither the United States Government
nor any agency thereof, nor The Regents of the University of Califor-
nia, nor any of their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commercial
product, process, or service by its trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States Gov-
ernment or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government
or any agency thereof or The Regents of the University of California
and shall not be used for advertising or product endorsement pur-
poses.
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TOWARD RESOLVING THE MODEL-MEASUREMENT |
DISCREPANCY OF RADON ENTRY INTO HOUSES: A STUDY OF
THE SCALE DEPENDENCE OF SOIL PERMEABILITY TO AIR

Karina Garbesil, Richard G. Sextro!, William F. Fisk!, and William W. Nazaroff?2

ILawrence Berkeley Laboratory, University of California, Berkeley, California.
ZDepartment of Civil Engineering University of California, Berkeley, California.

~ ABSTRACT

We studied natural soﬂ ata s1te used to study radon entry into basement structures, in order to
determine why models of radon entry into houses significantly and consistently underpredict

_-measured radon and soil-gas entry rates. We found soil air-permeability to be strongly scale

dependent, increasing monotonically with length scale. Therefore, soil-gas flows occurring
at scales of ~3 - 5 m around houses can be seriously underestimated by traditional techniques
that assess permeability by averaging over multiple small scale measurements (~0,1 - 0.5 m).
Scale-dependence appears to be a result of networks of relatively homogeneously distributed

- fast flow paths caused by roots, burrows, and weathering channels. When permeability

assessed at the appropriate scale is used as input to the model, ~80% of the model-
measurement discrepancy previously observed at the site is resolved.

INTRODUCTION

For houses with high indoor radon levels, the dominant source is radon-laden soil gas

- entering the building substructure by pressure-driven flow. Many models have been
~developed to simulate radon entry. These models have consistently and significantly

underpredicted entry rates relative to those observed at real houses (Table I, entries a and b).
Previously attributed to poor understanding of inherently complex field sites, these
discrepancies have more recently been validated at well characterized and controlled test

structures (Table I, entries ¢ and d).:

Table 1. The ratio of measured to modeled soil-gas entry rates for measurements
made at real houses and test structures in various studies. v

_Entry rate ratio :
(meas./mod.) - Description and references
(a) 4 7 houses (1) vs. 2-D finite difference model (2)
(b) - 10 1 house vs. 2-D finite element model and analytical model
using usual assumptions (3)
) 8 - Full-scale expenmental structure vs. 3- D ﬁmte difference
' ’ model (4)
(d) 15 - Small test structure vs. 2-D finite dlfference model (5)

The models cited include analytical and numerical types; the latter including both finite- "
difference and finite-element methods. The models assume the soil is homogeneous and
isotropic within defined regions, that the soil-structure interface is perfectly discontinuous,
and that soil-gas entry occurs only through gaps or cracks in the substructure floor. A critical

‘input to the models is an empirical assessment of regional permeability of soil to air. .

Our hypothesis to explain the model-measurement dlscrepancy was that soil alr-penneabxhty
depends on length scale. Therefore, typ1cal small scale (0.1 - 0.5 m) probe measurements of



permeability do not reflect soil characteristics at the larger scales (~3 - 5 m or more) that
- houses interact with soils. To test this hypothesis, we developed a dual-probe dynamic
pressure technique that determines the effective soil permeability along a path between. the

two probes.(6) The technique uses the measured time lag of a sinusoidally varying pressure

signal traveling from a source to a detector probe to determine the permeability along the path
between them. By varying the location of the detector probe we can investigate permeablhty
at different scale lengths and spatial orientations.

As with any technique to measure permeability, the data must be interpreted by a model.
Since we have no fore-knowledge of the medium, the model itself is homogeneous and
isotropic. The value that we obtain from the model is therefore an effective permeability that
a homogeneous medium would have to-produce the same measured physical quantities (time
lag for dynamic measurements or pressure amplitude for static measurements).

METHODS

Model development '
Consider first the propagation of a dynamic pressure signal through the air space of an infinite

" homogeneous soil. For a compressible fluid, and neglecting the hydrostatic gradient which

will not result in gas flow, the governing equation is:

. .
aP PRT _, (ap) P (Q), v
> w( v, V.P — +(ay 3 ' | 1)

where P is the disturbance pressure, k is the permeability of the soil to air, p is the dynamic
viscosity of air, p is the density of air, R is.the ideal gas constant, T is temperature, M is the
-molar mass of air.  Since the imposed pressure signal is < 103 Pa, and pRT/M ~105 Pa (mean
atmospheric pressure, P,), the estimated error from neglecting the non—hnear terms is ~1% or
less We are left with a 3-dimensional diffusion equatlon '

‘?;: D,V’P with D, =

Kb, @

Using the transformation W(r,t) = r P(r,t), Eq. 2 is reduced to the 1-dimensional diffusion

equation, for which an analytical solution W(r,t) is available. Using the inverse
transformation, we then obtain the solution for P(r,t). For our infinite medium, with a source

signal, with driving frequency o, imposed at a spherical surface of radius b, the solution to

this problem is given by: _
L _Mr-b)

7 _ T
P(r,t)=bA§E—;——sin(mt—M:/§b)) with A= DE_ 3)

p

To simulate the experimental set up we need to establish the proper boundary condition of
zero disturbance pressure at the soil surface. We use the standard method of images: the real
- source is placed at its actual depth below the surface, and an image source of equal magnitude
but opposite sign is placed opposite it an equal distance above the surface. By symmetry
arguments each point along the surface then cancels to zero. For an arbitrary detector
location a distance r from the real source and r’ from the image source, the effect of the image

source is:
» _k(r' -b)-" ‘

V2 i

XP " inf ot -2 =) @)
_ r 72
The full solution at the detector location in the semi-infinite medium is given by the sum of
the real and image solutions: '

Poer(D = PO+ PY(r D) G

Pi(r,t) =bA
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Figure 1. Plan View of Experiment Site. Characters indicate prohé,,lggations (underlined = blunt-end
probe; non-underlined = cylindrical probe). Arrows indicated dynamic measurement paths. Probes,
indicated by letter codes have depths, in meters: D(2.0), M(O.S), 5(0.18), d(1.5), m(0.59), and s(0.44).




Pget(t) has the same sinusoidal form as the driving signal but it is phase shifted and
diminished in amplitude. Comparing the phase with the source signal we estimate the time
lag for given k and o, T(k,0). Inverting, k is therefore uniquely determined by an
experiment in which T is measured, and o is imposed.

Data acquisition and analysis .

The experiment is carried out by directing a sinusoidal pressure sxgnal to the source probe
beginning at time t = 0. The source and detector probes are simultaneously monitored with
pressure transducers. Fourier transform and comparison of these signals at the source driving
frequency allows precise determination of the t1me lag, T, from the phase shift between the
signals.

 The dual-probe dynamic-pressure technique was used to measure permeabilities at the radon

transport test facility in.Ben Lomond, California.(7, 8) Figure 1 shows locations of
measurements made at various length scales in horizontal and non-horizontal orientations
(solid lines). The locations of the experimental basements are also shown. Dynamic
measurements were made from two sources located south and east of the west structure at 2.0-
and 1.5-m depth, respectively. Single-probe static measurements were also made at all
probes using blunt-end and well-screen-type probes that integrate over 0.1- and 0.5-m radii,
respectlvely 8)

The scales of the different measurements are inherent in the physxcs of the expenments In
the static measurements, air is injected into a probe at fixed rate, creating a static pressure
field, the magnitude of which gives a measure of the soil permeability.  Because the static
field falls off as ~1/r from the probe tip, the information about the soil is strongly weighted to

the immediate vicinity of the probe. In contrast, in the dynamic measurements, the .

propagation velocity of the pressure signal is the * ‘measuring stick”. As with an acoustic
wave traveling in air, that velocity is relatively independent of distance from the source.

- Therefore, the dynamic signal is relatively unweighted along its path

RESULTS
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Figure 2. Effective permeability of soil to air measured over
different path lengths using static and dynamic techniques.

Figure 2 plots the effective permeabilities determined by the dynamic technique for different
horizontal integration paths, and the range of values (or uncertainty, if n=1) measured at each

Y
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length scale. The geometric mean permeabilities, weighted by the uncertainties in the
individual measurements, are also shown for measurements made at 14 blunt-end probes and
22 cylindrical probes. The figure indicates that soil- -permeability at the site depends strongly
on length scale, with permeability at the 3-m scale ~40 times larger than that at the 0.1-m
scale. Vertical estimates of permeability were made using the concept of a hydraulic

conductivity ellipse, which employs data from both horizontal and non-horizontal paths. The
results indicate a similar magnitude of scale dependence in the vertical direction, ‘but with
vertical permeabilities ~2 times smaller than horizontal.

The smooth trend of Figure 2 and the consistency between the statlc and dynamic
measurements indicates that there are no systematic biases in the different measurement

techniques. The observed differences in permeability appear to reflect real scale dependence ,

resulting from charactenstlcs of the soil medium.

DISCUSSION

The scale dependence of soil permeability to air explained 80% of the model-measurement
~ discrepancy in soil gas entry measured at the experimental basement in Ben Lomond and

reported in (4). Scale-dependent permeablhty has also been observed in aquifers, but the
magnitude of reported scale dependence is considerably smaller over the same range of length

scales.(9) Our study is unique in that .scale dependence was demonstrated with high -

resolution, with a single technique, for gas-phase flow in unsaturated soil. Our data provide
strong evidence that scale-dependence is not an anomaly of the sampling technique as
suggested in (9), but is an inherent property of the porous medium. Scale dependence at the

| ‘Ben Lomond site appears to be caused by networks of fast flow paths distributed relatively

uniformly throughout the soil, probably due to plant roots, animal burrows, and channels from
water movement through soil. Such sources could create nested scales of heterogeneity.
When flow occurs through such a medium, effective permeability is expected to increase as
larger scales of heterogeneity are encountered. - _

The past decade has witnessed a proliferation of transport models for heterogeneous porous
media. Two major classes of models have arisen: typical stochastic models, the dominant
class, treat the permeability field as-a random distribution of elements with larger scale
structure incorporated using the concept of a finite correlation length; other models
incorporate nested scales of heterogeneity in which connectivity of high permeability
elements is treated explicitly.(10-15) Fractal models are included in this latter class. It is
widely recognized that models often fail to predict important aspects of contaminant transport.
The problem of scaling effects has also been an active area of research.(10) Ironically,
despite the fact that there has been considerable investigation of model behavior in regard to

. scale-dependent dispersivity, to our knowledge the models have not been tested for

predictions of scale dependent permeability, which is likely to be considerably more

important for relatively homogeneously distributed ‘pollutants’ like radon. Our work . .
indicates that simulation of scale- dependent permeablhty mlght be an 1mportant validation

crltenon of transport models.

Scale dependent permeab111ty presents serious problems for both site assessment of

‘contaminant transport potential and for numerical simulation of transport. An accurate

assessment can only be obtained if both the nature of the scaling, and the scale at which the
system operates, are known. However, even if the scaling ‘function’ is known, numerical
simulation can still be problematic unless the soil heterogeneity obeys some tractable scaling

law, e.g., fractal. The problem is exacerbated in systems that operate over a large range of
scales. The problems presented for site assessment and simulation of the entry of radon and -

other soil-gas contaminants indoors argues that priority be-placed on experimental and
theoretical research of scale dependent flow. Field studies are required that investigate the
prevalence, magnitude, and sources of scale-dependent permeability at other sites, and
transport models should be validated with respect to their predictions for scale dependence.
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