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Abstract
Radon (Rn-222) transport in fractured soil has been investigated by a combi-

nation of laboratory experiments with soil columns, and numerical and analytic
modelling. Experiments and model calculations have been related to radon entry
into houses placed on fractured soil.

Two types of soil columns have been employed. Firstly two sand columns, of
which the first represents a homogeneous system and the second represents the
same homogeneous system cut through by a high-permeable preferential flow path,
have been constructed. Radon transport experiments performed with the sand
columns have shown, that the presence of the preferential flow path does not
alter radon transport in the inhomogeneous column relative to the homogeneous
column. Secondly an undisturbed clayey-till soil column (USC), containing a net
of preferential flow paths consisting of root holes, has been employed. Radon
and thoron (Rn-220) transport experiments have shown that (i) radon transport
through the soil is delayed by exchange between fractures and matrix, (ii) the
radon potential, i.e. that fraction of radon released to air-filled pores which is
available for transport out of the soil, is in general not reduced relative to the
potential of homogeneous soil by the presence of fractures.

Two transport models have been employed. Firstly the numerical finite-element
model FRACTRAN, which simulates steady-state soil-gas flow and time-dependent
radon transport in soil containing parallel-plate fractures, has been used in a large
scale simulation of radon entry into a house placed on dry homogeneous and
dry fractured soil. The simulations have been based on measured parameters for
Danish clayey-till. It has been shown, that as long as the actual effective soil per-
meability relative to the house is employed, the homogeneous and the fractured
model yield the same radon entry into the house. It is concluded that fractures in
soil will not in general alter the radon potential of soil relative to a house. Secondly
an analytic model has been developed in connection with an interpretation of the
USC experiments. The model solves the set of equations describing steady-state
soil-gas flow and time-dependent radon transport in soil containing cylindrical
fractures (pinholes). Comparison between model calculations and measurements
has shown, that the model is able to account for the main transport properties of
the USC, and that an effective porous media model is generally able to account
for the radon potential of the sample.

The main conclusion is, that fractures does not in general alter transport of
internally generated radon out of soil, when the pressure and flow conditions in
the soil is comparable to the conditions prevailing under a house. This indicates the
important result, that fractures in soil have no impact on radon entry into a house
beyond that of an increased gas permeability, but a more thorough investigation of
this subject is needed. Only in the case where the soil is exposed to large pressure
gradients, relative to gradients induced by a house, may it be possible to observe
effects of radon exchange between fractures and matrix.
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1 Introduction and summary

The radiation dose from inhaled decay products of the noble gas Rn-222 is the
dominant component of ionizing radiation exposure to the average Danish per-
son [SS87]. Rn-222, which has a half-life of 3.82 days and is part of the uranium
chain, is produced by decay of Ra-226, which may be found in soil. Another im-
portant isotope is Rn-220, which has a half-life of ~ 1 min. In this report, the two
isotopes are named radon (Rn-222) and thoron (Rn-220).

Enhanced radon concentrations may be found inside houses. It has been identi-
fied, that the main source of enhanced radon levels in indoor air in Danish houses
is the subsoil. Moreover it has been found, that the probability of finding houses
with high radon concentrations is significantly larger in areas composed of clayey
till, relative to areas composed of sand and silt [SS87]. The radon concentration
level inside a house is determined by (i) the amount of radon generated in the
subsoil below the house, (ii) the characteristic radon transport parameters of the
subsoil, (iii) the soil - house interface, (iv) the degree of ventilation in the house,
and (v) driving forces. For the Danish population it is estimated, that 300 lung-
cancer cases per year is caused by radiation from indoor radon [SS87]. Thoron
constitutes a less important health hazard, because of the short half-life of this
isotope.

Prediction of radon levels inside houses requires understanding of the mecha-
nisms controlling the radon concentration in the subsoil. The concentration in a
given point in the soil is affected by radon generation and decay and by trans-
port to and from the point. Two separate mechanisms lead to radon transport in
soil: Diffusion caused by radon concentration gradients in the soil, and advection
caused by pressure driven soil-gas flow. Only special cases of the combined set
of equations describing soil gas and radon transport are analytic solvable, and
numerical models are therefore needed to predict radon entry rates into houses.
An often applied approach in the numerical models is to represent an actual soil
site by a blockwise homogeneous media. This is called the effective (or equivalent)
porous media (EPM) approach.

One problem of many existing EPM models is, that while they qualitatively
agree with experimental measurements, they quantitatively underestimate the
value of the soil-gas velocity [Ga93, An92]. The soil-gas velocity is determined
by the gas permeability of the soil, which indicates that the discrepancies may
result from underestimations of the permeability values. The permeability values
are often based on in situ point measurements. Especially this means, that point
measurements underestimate the actual (effective) gas permeability.

Fractures and macropores in clayey till have been identified to dominate the
transport of water and solvable contaminates from the soil surface towards the
groundwater table [Be90, Ho90, Om79, J095, Si91, Ma94]. Likewise it may be
expected that fractures and macropores may speed up the movement of soil gas
through clayey till. Fractures and macropores may not be detected by point mea-
surements of the gas permeability, as they may be widely spaced, and thus point
measurements may underestimate the actual effective permeability of fractured
soil. This suggestion is supported by independent measurements of the gas per-
meability of inhomogeneous soil presented by respectively Schery & Siegel and
Garbesi et al. [Sc86, Ga93]. Both investigations indicate, that the permeability of
inhomogeneous, and in the case of [Sc86] fractured, soil may increase towards an
equilibrium value, when the measuring scale is increased over the point measuring
scale. Thus presence of fractures and macropores in soil is believed to be one of
the reasons for EPM underestimations of the soil-gas velocity.

How fractures and macropores in the subsoil affect radon entry relative to ho-
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mogeneous soil is an important question. The radon potential will be defined as
that fraction of the total amount of radon available for transport in the soil which
is actually transported out of the soil, and e.g. into a house. In fractured soil it
may be expected, that advective radon transport primarily takes place in the frac-
tures, while diffusion dominates in the soil matrix between fractures. It is shown
by theoretical calculations by Schery and Siegel [Sc86], that for static fracture
flow, diffusive radon loss from the fractures to the matrix may strongly decrease
the overall radon transport from a reservoir at great depths towards the soil sur-
face. Holford et al. [Ho89] and Schery et al. [Sc88B] present a thorough theoretical
investigation with a two-dimensional numerical model of the influence of fracture
dimensions, soil characteristics, and changes in atmospheric pressure on radon ex-
halation from soil to the atmosphere. It is shown, that while fracture dimensions
do not seem to have a large effect, soil characteristics, and of these especially the
radon diffusion coefficient in the matrix between fractures, and pressure changes
seem to have a large influence on the exhalation. Discussions of radon entry into
houses placed on fractured soil have not been included in the cited references.

It is suggested, that if fractures are widely spaced, or if the radon diffusion
length in the matrix is low, only a fraction of the total amount of radon available
for transport in the matrix can reach the fractures and be transported out of the
soil and into a house, and thus the radon potential of the fractured soil will be
low relative to homogeneous soil with the same effective transport parameters. On
the other hand, a house may interact with a larger soil volume through a fracture
network, relative to the case where it rests on homogeneous soil. Thus a larger
soil mass contributes radon to the moving soil gas. This process may increase the
radon potential relative to homogeneous soil.

The overall objective of this Ph.D. project has been to carry out:

An experimental and theoretical investigation of the influence of
fractures and macropores on radon transport in soil.

The work will be related to a discussion of radon entry into houses placed on
fractured soil. The work has been performed partly at Riso National Laboratory
and partly at the Geotechnical Institute, both located in Denmark. The work
consists of laboratory experiments and model calculations and can be divided into
the following separate components:

• Experimental investigation of soil gas and radon transport in a homogeneous
and in an inhomogeneous sand system. The systems have been constructed
in the laboratory, and the sand structure in both, together with all charac-
teristic sand parameters, are thus well known. The aim of the experiments is
firstly to test the experimental equipment, which will be employed in exper-
iments with an undisturbed inhomogeneous soil sample. Secondly the aim is
to obtain a trustable set of reference date, which is employed in verifications
of transport models. Finally a simple and well-controlled illustration of the
differences between soil-gas transport in homogeneous and inhomogeneous
media is obtained.

• Verification and application of the numerical model FRACTRAN [Su89, Su92,
Su95], with which it is possible to simulate soil gas and radon transport in
fractured soil. The model is thus an extension of the EPM approach. The aim
is to present a numerical tool which may be used in an interpretation of the
observed discrepancies between pure EPM models and in situ measurements.
The model is employed in a large-scale simulation of soil gas and radon entry
into a house placed on homogeneous respectively fractured soil.
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• Experimental and analytic investigation of soil gas and radon transport in
fractured clayey till. Experiments have been carried out with an undisturbed
clayey till soil sample, which has been identified to contain a large density
of biopores (root and worm holes). An analytic model has been developed
in connection with an interpretation of the measured results. The model is
based on the solution of a simplified set of transport equations, describing soil
gas and radon transport in clayey till containing a net of vertical root holes
(pinholes).

The work may be divided into two separate components: Firstly, the reference
experiments performed with the simple sand systems, together with calculations
with the model FRACTRAN yield a general illustration of how inhomogeneities
and fractures in soil may affect the radon potential. Secondly, the experiments
performed with the intact clayey-till soil sample, and the analytic interpretation
of these, yield a specific illustration of how a complex structure of preferential flow
paths in real soil may affect the radon transport and the radon potential.

A short summary of the report is presented below.

Chapter 2 presents the basic physical equation for soil gas and radon transport in
fractured soil.

Chapter 3 is a presentation of experiments performed at Ris0 National Laboratory
with two cylindrical sand columns. The first sand column represents a homoge-
neous system, while the second column represents the same homogeneous system
cut through by a high-permeable inhomogeneity. Radon transport experiments
have been performed with the two systems, and the results have been compared.
The significance of the high-permeable inhomogeneity is discussed.

Chapter 4 covers a presentation of the numerical simulation model FRACTRAN.
The model is constructed by Sudicky and McLaren [Su92], Groundwater Simu-
lation Group, University of Waterloo. The model performs finite-element, two-
dimensional simulations of steady-state soil-gas transport and time-dependent
radon transport in blockwise homogeneous soil, which may contain a mesh of
parallel plate fractures. A number of verification exercises of the program is pre-
sented. The chapter is concluded with a large scale FRACTRAN simulation of
radon entry into a house. Simulations of the case where the house is placed on
homogeneous soil are compared with the case where the house is placed on frac-
tured soil.

Chapter 5 is a presentation of experiments carried out at the Geotechnical Institute
(GI) in Denmark with an undisturbed clayey-till soil column (0.5 m high, 0.5 m
diameter), containing a net of biopores (root and worm holes) extending from the
top to the bottom of the sample. Radon and thoron transport experiments have
been employed in the investigation of the speed at which soil gas moves through
the column, and of the radon exchange between fractures and matrix. Flushing of
the column of internally generated radon has been employed in an investigation
of the radon potential of the soil.

Chapter 6 is a presentation of analytic models of steady-state soil-gas transport
and time-dependent radon transport in a homogeneous cylindrical soil sample
(EPM model) and in a cylindrical soil sample containing a vertical cylindrical
fracture extending all the way through the sample (pinhole model). The model is
firstly verified through comparison with the sand column experiments presented
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in Chapter 3, and secondly through a comparison with FRACTRAN calculations.

Chapter 7 is a presentation of the analytic work undertaken in connection with
an interpretation of the experiments performed with the undisturbed soil column
(Chapter 5). Firstly the EPM model and secondly the pinhole model presented in
Chapter 6 are compared with the results of the experiments. It is shown, that the
EPM representation can fully account for the radon potential of the USC under
transport conditions comparable with the conditions under a house, but that the
EPM model cannot account for a number of other important transport features
of the sample. Contrary to this it is found, that the pinhole model can account
for the main transport properties of the USC. A sensitivity test is performed with
the pinhole model, in which the different soil parameters are varied.

Chapter 8 presents a sum up and discussion of the results. Especially a discussion
of the radon potential of fractured soil relative to a house is presented.

In the present context, uncertainties will be calculated for all measured and calcu-
lated parameters. In each case, a short outline of the methods used to determine
the uncertainties are presented in connection with the presentation of the results.
Generally, the listed uncertainties include all sources of dispersion in the present
measurement or calculation. Therefore most of the listed uncertainties can not be
distinguished as being pure type A (uncertainties evaluated by statistical means)
or type B (uncertainties evaluated by other than statistical means), but are rather
a combination of both. Appendix D presents a short summary of the statistical
methods employed in the present context, and of the notation employed in the
presentation of the uncertainties.

Generally, all measured and calculated parameters are listed a s i i u , where x is
the measured parameter and u is the uncertainty on this. In the case where degrees
of freedom N (numbers of measurements) have been used in the calculation of x
or u or both, the following notation is used x(N)±u or x±u(N), where the former
indicates that N has only been used to determine x, while the latter indicates that
TV has been used to determine both x and u.

Throughout the work, a number of comparisons are presented, between mea-
sured data, and between measured and calculated data (model calculations). In
all cases are used either an u-test or a t-test [Br93, Du77], both with a 95% level
of significance. A more detailed discussion of the testing-procedures is presented
in Appendix D.
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2 Transport equations

This chapter presents the basic equations for soil gas and radon transport in frac-
tured soil. The equations governing transport in the soil matrix, and the equations
governing transport in the fractures are presented separately. The outline of soil
gas and radon transport in the soil matrix follows the theory presented by Rogers
and Nielson [Ro91A]. The outline of soil gas and radon transport in the fractures
follows the theory presented by Sudicky and McLaren [Su92].

2.1 Transport in the soil matrix
The matrix consists of soil grains (minerals), organic matter and pore volume.
The latter is divided into an air-filled and a water-filled volume. Radon is released
to the pore volume from soil grains containing radium (Ra-226), and from radium
discharged in pore water. Radon is distributed between a gas phase in the air-
filled pores and a liquid phase in the water-filled pores. Furthermore radon may
be adsorbed onto dry soil surfaces.

Soil characteristics

Let V and Vp represent the bulk volume of the soil matrix respectively the volume
spanned by the pores. Vp is the sum of the air-filled porevolume Va and the water-
filled porevolume Vw. The soil porosity e is defined as the fraction which the pore
volume constitutes of the bulk volume. The air porosity ea and water porosity
ew are defined as the fractions that the air-filled and water-filled porevolumes
constitute of bulk volume:

e = — = —— = ea + ftu (1)

The fractional water saturation of the porevolume m is defined as

l= = l (2)

The emanation rate E (atoms kg"1 s"1) is defined as the number of radon atoms
which emanate from the soil grains into Vp per kg dry soil mass per second. E is
divided into the emanation Ea into Va and the emanation Ew into Vw. The radon
generation rate G (Bq m~3 s"1) is defined as the total radon activity released
per unit porevolume Vp per second. G is the sum of the activity released into Va

respectively into Vw, G =Ga +GW
 l. The relationship between E and G is defined

as [An92]:

{ ( V V p ) P g f A R a ) \ = \ E (3)
Vp t

where pg, pw and pws (kg m~3) represent the soil grain density, the water density
and the wet soil density. 4̂v?a (Bq kg"1) is the radium activity in the soil grains
per unit grain mass, / is that fraction of radon atoms generated in the grains
which is released to the porevolume and A = 2.098 • 10~6 s"1 is the radon decay
constant.

The amount of radon present in the pores is described by the radon activity
concentration per porevolume (Bq m~3). The radon concentration in the air-filled
pores ca is the radon activity per air-filled porevolume, and the radon concentra-
tion in the water-filled pores cw is the radon activity per water-filled pore volume.

*The units of Ga and Gw are the total activity of radon released into V̂  and Vw per unit
total pore volume Vp per second.
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The concentration of radon adsorbed onto grain surfaces c, is expressed as radon
activity present on the surfaces per bulk dry mass (Bq kg"1). It is assumed that
the distribution of radon between gas and water phase, and between gas and ad-
sorbed phase is permanently in equilibrium, within all time periods considered in
the present context. Furthermore the radon concentrations in the three phases are
assumed to be related by linear isotherms. ca and cu, are related by:

cw = L ca (4)

where L is the Ostwald coefficient, which is temperature dependent [An92], as
shown in table 1. ca and c, are related by:

c, = ka- ca (5)

where fca (m3kg -1) is the distribution coefficient between the air and the ad-
sorbed phase [Ju91]. ka depends on moisture content and soil type. Rogers and
Nielson [Ro91A] suggest the relationship:

ka = k°ae-bm (6)

where k° and 6 depend on the soil type.

Table 1. Relationship between the Ostwald coefficient L and temperature.

T(K)
273.15
278.15
283.15
288.15
293.15
298.15
303.15
308.15

L
0.5249
0.4286
0.3565
0.3016
0.2593
0.2263
0.2003
0.1797

Soil gas transport

The soil-gas transport in the matrix is assumed to be laminar in all applications
considered in the present context: Experience has shown, that in homogeneous soil
deviations from laminar flow may be observed for Reynolds numbers Re greater
than 0.1-75 [Na88], where Re is defined as:

(7)

p = 1.3 kg m~3 is the air density, q is the mean soil-gas velocity in the matrix,
d is the mean pore diameter and /x = 18 • 10~6 Pas is the dynamic air viscosity.
If it is assumed that 2 d < 5 • 10~4 m, q must be larger than ~ 10~3 m s"1 in
order to observe possible deviations. In the present context q is always less than
~ 10~4 m s"1. Thus the soil-gas transport in the matrix may be assumed to follow
Darcy's empirical law for transport of fluids in porous media [Be72]:

q = - £ v p (8)
2In the present context the largest fracture width is — 5 • 10~4 m (see Chapter 7 table 35,

p. 105). It is realistic to assume that the mean pore diameter is less than the fracture width.
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where q is the mean soil-gas velocity in the pores, k the effective air permeability
of the soil and p the disturbance pressure. The permeability k (m2) is solely
determined by soil conditions, such as pore size, soil grain size and water content.
k is related to the soil conductivity K (m s"1), describing the ability of the soil
to lead a specific fluid (e.g. soil gas) by the formula [Be72]:

K = ^ P (9)

where p is the fluid density and \i the dynamic viscosity of the fluid.
The disturbance pressure p drives the fluid flow. At points f in the soil, p(f) is

defined as the difference between the absolute pressure Pab, and the hydrostatic
(undisturbed) pressure Py:

p(f) = Pabsir") ~ Puif) = Pab,{?) - {Palm ~ Pa 9 z) (10)

It will be assumed that the soil gas is incompressible, i.e. that the soil-gas density
pa is constant in space. Furthermore small variations in pa in time, due to tempe-
rature and atmospheric pressure variations, will be neglected. Thus the equation
for mass conservation of soil gas in porous soil

yields the simplified form

V-g = 0 (12)

which will be employed later.

Radon continuity equations

The equation of continuity for air phase radon is:

= —Aea ca + eGa —V-JA — V • j% + Twa — Ta) (13)
dca

*-a r\.

dt
The equation of continuity for water phase radon is:

dc
- -

+eGw -V- Jl - Twa (14)

y for adsorbed radon is:

+Tas (15)

The equation of continuity for adsorbed radon is:

at
Twa (Bq m~3 s"1) is the mean transfer of radon from water phase to air phase per
unit bulk volume per unit time, and TO5 (Bq m~3 s"1) is the mean adsorption to
dry solid surfaces of air phase radon per unit bulk volume per unit time, pb is the
bulk dry density (kg m~3).

JA (Bq m~2 s - 1) is the advective bulk flux density in the air-filled pores. When
<f(m s"1) is the soil-gas bulk-flux density, JA is expressed as

U = qca (16)

Given equation 12, the term V • JA in equation 13 obtains the simplified form:

V - J A =V-(<fc a ) = g -Vca (17)

It is assumed that the water is stationary, i.e. that no advective radon transport
takes place in the water phase.

j | , and j p (Bq m~2 s""1) are the diffusive bulk flux densities of air-phase and
water-phase radon. These are expressed by Fick's first law:

jl = -eaD
a

eVca Jl = -twD»Vcw (18)

£>"and D^are the effective diffusion coefficients of radon in the air and water
phase 3.

3Mechanical dispersion of radon is neglected in this work.
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Unified transport equation

The three continuity equation for radon in air, water and adsorbed phase are
coupled through the equations describing transfer of radon between the phases
(equation 4 and 5). The three continuity equations can be unified to one equation,
describing mass conservation of air-phase radon, by the following steps [Ro91A]:

• Equation 4 is used to replace cw by cQ in equation 14.

• Equation 5 is used to replace c, by cQ in equation 15.

• Equation 13, 14 and 15 are summed.

The unified continuity equation resulting from these steps obtains the form:

(ca + Ltw + pbK)-g=- = - (e a +Lcw + pbka)Xca -V-{caq)+

V • [(ea D% + ew D?)Vca ] + e(Ga + Gw) (19)

Following the notation proposed in [An92], this equation is rewritten to the more
compact form

where

R=^ (21)

0 = ea +Lew + p - k a (22)

G = Ga+Gw (23)

and

D = ea D* + Lew D? (24)

The factor R describes radon exchange between the mobile air phase and the
immobile water and adsorbed phases. The expression for R is an extension of the
standard expression for the retardation factor in saturated soil, which is given
by Rst — 1 + p • ka/e [Ju91]. R3t only includes retardation caused by adsorbtion
of radon along the path of transport. In the present context R will likewise be
denoted 'the retardation factor', although it actually includes acceleration caused
by radon exchange between the air and the water phases.

The term 0 is introduced as the partition corrected porosity in [An92]. In most
applications, the adsorption term p • ka is negligible when compared to ea + Lew ,
and may thus be left out. When nothing else is mentioned in the present context, ka

is set to zero. D is the bulk diffusion coefficient. The following empirical expression
for D has been identified by Rogers and Nielson [Ro91B]:

D = D0e(P-p-ka)e-6m'-«mlAt (25)

where Do = 1.1 • 10~5 m2 s"1 is the diffusion coefficient of radon in free air.

2.2 Radon transport in fractures
The fractures may be either parallel plate fractures or cylindrical ('pinhole') frac-
tures. The geometry of the fractures is described by the mean fracture aperture
(width) Af or the fracture radius r0, depending on whether the fractures are
parallel plate or cylindrical, and by the mean spacing B between fractures. The
fractures will in all applications be assumed to be dry, and thus radon only exists
in the gas phase in the fractures. The radon concentration cj in the fractures is
expressed as radon activity per unit fracture volume.
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Soil gas transport

The soil-gas transport in the fractures is assumed to be laminar: Turbulent de-
viations from laminar flow in the fractures may occur for Reynolds numbers Re
(equation 7) greater than 2300 [Fo85]. When it is assumed, that the fracture width
(or radius) is less than 10~3 m (which is realistic in the present context) the soil-
gas velocity qj in the fractures must be larger than ~ 30 m s"1 in order to have
turbulent conditions. In the present investigation qj is always less than ~ 1 m s"1.
Laminar air flow between parallel plates is described by [Fo85]:

^ V V ( 2 6 )

where qj (m s"1) is the soil-gas flux density in the fracture, fc/ (m2) is the air
permeability of the fractures, and p/ is the disturbance pressure in the fracture. It
will in all applications be assumed, that p/ is constant across the fracture width,
and thus qj will be parallel with the fracture walls. Laminar air flow in a cylindrical
channel ('pinhole') is described by [Fo85]:

= ~—Vp/ (27)

where the same notation is employed as for equation 26. r0 is the radius of the
channel. It will in all applications be assumed, that p/ is independent of the radial
coordinate, and thus qj will be parallel with the central axis of the channel.

Radon continuity equation

The equation of continuity for radon in an air-filled dry fracture is [Su92]:

Rslt = [~RfXcf - ^ ' 3 A ~ V • % ] + RS£ (28)
Cf (Bq m~3) is the radon concentration in the fracture, and Rf is the radon
retardation factor in the fracture, describing radon adsorption onto fracture walls.
£ is the advective-diffusive exchange (Bq m~3 s"1) between the fracture and the
matrix described by:

£=2l({$ . fi)nca + D(Vca • h)n) (29)
Vf \ I

The first term represents the advective loss from the matrix, n is a unit vector
normal to the fracture wall, and thus q • n is the component of the soil-gas flux
q normal to the fracture wall. The second term represents the diffusive loss from
the matrix. Of is the area of the fracture-matrix interface and Vf is the fracture
volume.

j A (Bq m~2 s"1) is the advective radon-flux density parallel with the fracture
walls expressed by:

VA =cf?f (30)
js

D (Bq m~2 s"1) is the diffusive radon-flux density in the fracture, expressed by:

VD = - V • {Df VC/ ) (31)
Df (m2 s"1) is the diffusion coefficient in the fracture, which is assumed to be
equal to the radon diffusion coefficient in free air Df = Do = 1.1 • 10~5 m2 s"1.

Continuity at fracture matrix interface

At points f at fracture-matrix interfaces, the following equations of continuity
rules:

c(f , t ) = cf ( f , t ) (32)
ja

:n = jfjn (33)
where j a and j * are the radon-flux densities in the matrix and in the fractures,
and n is a unit vector normal to the fracture wall.
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2.3 The radon potential
The radon potential of a soil site relative to a house will in the present context be
defined by:

V = %S& (34)
Gall

Gajj (Bq s"1) is the total amount of radon released to the soil pores in that
volume of soil which is affected by driving forces induced by the house, i.e. Gajj
is the amount which is available for transport out of the site. Gout (Bq s"1) is
the radon entry into the house given realistic pressure conditions in the house
and in the soil, i.e. Go u t is the amount of Gajj which can actually be transported
out of the site, when it is exposed to driving forces from the house. For perfectly
homogeneous soil V is independent of the flow rate of air through the soil and close
to 1, depending on the amount of radon which decays during transport out of the
site. For inhomogeneous or fractured soil it may be expected that V < 1 (see the
discussion presented in Chapter 1), and that V may depend on the air-flow rate.

In the present context, the radon potential concept will also be employed for
soil samples installed in the laboratory (see e.g. Chapter 5), although it is possible
to establish unrealistic driving forces in the soil samples, relative to the driving
forces induced in soil by house depressurizations. In case of the soil samples, the
radon potential can be estimated by two independent types of experiments. Firstly
radon accumulated in the sample (by sealing it from the surroundings for a certain
time-period) can be flushed out of the sample. In this case Gajj is defined as the
amount of radon accumulated in the soil pores in the sample (Bq), and Gout is
defined as the amount of Gajj which can be flushed from the sample (Bq). Secondly
continuously produced radon can be flushed out of the sample. In this case Gaj |
is defined as the continuous radon production to the soil pores (Bq s"1), and
Go u t is defined as the continuous radon removal from the sample (Bq s~l). This
last kind of experiment is closest to the real situation, where soil gas containing
continuously produced radon is driven into a house by pressure gradients induced
by the house.
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3 Sand column experiments

This chapter presents results of experiments carried out with two sand columns at
Rise National Laboratory. The first column contains only one type of sand, and
represents a completely homogeneous system. The second column, which contains
the same kind of sand as the first column, is cut through by a thin vertical layer
of high-permeable sand. Radon transport experiments have been carried out with
the two columns, with the following purposes:

• To test the experimental equipment, which will be employed in an investiga-
tion of soil gas and radon transport through an undisturbed clayey till sample
(Chapter 5).

• To achieve reliable experimental results, which will be employed in verification
exercises of transport models (See Chapter 4 and Chapter 6).

Finally a simple and well-controlled illustration of the difference between soil-
gas transport in an inhomogeneous and a corresponding homogeneous system
has been obtained. Similar types of experiments have been performed by van der
Spoel et al. [Sp93, Sp96A, Sp96B], who investigate radon transport through a well-
controlled homogeneous sand column and compare the results with calculations
performed with a one-dimensional analytic model and a two-dimensional numerical
model.

3.1 Design of the sand columns
Two types of sand have been used to fill the constructions, named Lund 1 and
Lund 6, of which Lund 6 is more coarse-grained and has a higher permeability
than Lund 1. A schematic view of the constructions is shown in figure 1. Measures
corresponding to the designations in the figure are listed in table 2.

The two constructions are identical. Each consists of a PVC vessel of diameter
0.31 m, and height ~ 1.66 m. The vessels are capped off to the surroundings with
top and bottom lids. Each vessel is equipped with five tube connectors in each
end. When the connectors are closed off, the columns have been found to be air
and radon tight (e.g. in response to changes in the atmospheric pressure). A metal
net is placed ~ 13 cm above the bottom of each vessel, creating a cavity. In the
process of filling sand into the columns, the topmost ~ 13 cm have been left free,
and thus a cavity also exists above the sand in each vessel. Mixing of air and radon
in the cavities is assured by small fans.

The constructions will be denoted Column I and Column II. Column I contains
only Lund 1, while Column II contains both Lund 1 and Lund 6. Table 3 (p. 13)
shows the total masses of sand filled into the columns. The sides of each column
were continuously vibrated during the filling procedure, as to minimize the pos-
sibility of non-uniform packing. During the filling the accumulated mass of sand
filled into the columns was recorded as a function of the sand height. The recorded
data indicated, that the packing of the sands is identical for the two columns and
without any significant height-dependency. It must be kept in mind, however, that
these tests are not very precise, and that it is difficult to obtain a truly uniform
packing of sand in the columns.

In Column II, the high-permeable Lund 6 sand is placed in a thin vertical plane,
containing the central axis of the column, between two layers of low-permeable
Lund 1 sand. The plane extends a full diameter of the column. The plane was
created with two parallel metal plates having a fixed plate-to-plate distance of
2 cm and a width equal to the diameter of the columns. The plates were 30 cm
high. The filling procedure was as follows: First, the metal plates were positioned
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at the bo t tom of the column, and a 3 — 7 cm high layer of the Lund 6 sand was
filled into the space between the meta l plates through a small tube . Thereafter,
the Lund 1 sand was filled into the two cavities created between the column wall
and the outs ide of the metal plates . Then the plates were slowly pulled up a little
bit , more sand was added, and the whole procedure was repeated until a full 2 cm
bot tom- to - top plane of Lund 6 sand had been established. Figure 2 shows a top
view photo of the inhomogeneous Column II, in which the high-permeable Lund 6
str ip is clearly shown.

T h e effective permeabil i t ies of the two columns have been measured. T h e mea-
sured values a re given in table 4 (p. 14). It has been shown (p. 16), t ha t the
measured effective permeabil i t ies correspond with the permeabilit ies of the two
individual sand types .

-A-

Column I

1/121

|/l22

Figure 1. Top and side views of Column I and II.

3.2 Characteristic sand parameters
This section is an outline of the characteristic sand parameters. A summary of the
parameters is given in table 5. The sand is provided by 'Dansand, Silkeborg AS',
in Denmark. Both sand types come from Lund in Sweden.

Composition and grain size

The mineral composition of Lund 1 and Lund 6 is shown in table 6. The grain
size distribution is shown in figure 3 and figure 4.
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Figure 2. Top view of the inhomogeneous sand column (Column II). The high-
permeable Lund 6 strip can be seen in the middle of the cross sectional cut.

Table 2. Dimensions corresponding to figure 1. All dimensions, except D\ and D2,
have been determined by the arithmetic mean of four independent measurements,
and the listed uncertainties are the experimental standard deviations of the means
of the independent measurements. D\ andD2, and the uncertainties on these, have
been determined by the arithmetic means and experimental standard deviations of
the means of eight independent measurements.

Di
h
Lx
/ i n

/ll2

Column I
30.93

139.9
166.1

13.1
13.1

±
±

±

0.01(8)
0.2
0.1
0.1
0.2

(4)
(4)
(4)
(4)

cm
cm
cm
cm
cm

D2

h
L2

h21

h-n
d2

Column II
30.92

141.5
166.2

11.5
13.2
2

±
±
±
±

0.01(8)
0.4
0.1
0.4
0.1

(4)
(4)
(4)
(4)

cm
cm
cm
cm
cm
cm

Grain and bulk density

The grain and bulk density of the sand are denoted by pg (kg m~3) and p (kg m~3).
Information on pg has been provided by the Geotechnical Institute (GI). p has been
calculated for each column, and in the case of Column II for each type of sand, by
the ratio p = M s a n ( j /V s a n ( j , where M s a n ( j and Vsanc[ are the mass and volume of

Table 3. Mass of sand filled into the two constructions. M\ and M& are the masses
of Lund 1 sand respectively Lund 6 sand.

Column no. I II
Mi (kg)
M6 (kg)

174.8
0

161.6
13.9
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Table 4- Measured effective permeabilities of the two columns. The effective per-
meability has been measured 3 times for Column I and 2 times for Column II.
The permeabilities listed are the arithmetic means and experimental standard de-
viations of the means.

Column no. *eff
m2

I (2.82 ± 0.03) 10-10(3)
JI (5.53 ± 0.01) -1Q-1O(2)

the sand. The M s a n (j values are given in table 3, and V ^ j is calculated from data
given in table 2. Uncertainties on the calculated values of p have been estimated
by error propagation from the uncertainties on the column dimensions.

For the Lund 1 sand it has been found, that p = 1655 ± 3 kg m~3 in Column I
and p = 1649 ± 5 kg m~3 in Column II. The density of the Lund 1 sand listed in
table 5 is the weighted mean of these, and the uncertainty is the weighted standard
deviation.

Porosity

The sand porosity e has been measured by the GI with standard procedures. Two
measures characterize the porosity: emax and emin, of which emax is the porosity
of the sand when no effort has been made to compress it, and emin is the porosity
of the sand when it is compressed as much as possible. In table 5 are given emax,
£min, and the arithmetic mean e of these, together with the experimental standard
deviation of the mean. As it is not known how compressed the sand is in the
columns, it is assumed that e is the most realistic measure of the porosity.

Rough estimates of the actual porosities of the two types of sand in the columns
may however be obtained by the formula:

e = 1 - •£ (35)

With the values of p and pg given in table 5, it is found that e ~ 0.376 for Lund 1,
and e ~ 0.402 for Lund 6. Comparison of these values and the emjn and emax values
given in table 5 indicates, that the Lund 1 sand is rather densely compressed in
both columns, while the packing of the Lund 6 sand in Column II is somewhere
in the middle between maximum compression and no compression. It is observed,
that the calculated porosity values correspond with the values measured by the
GI, although the calculated Lund 1 porosity is a little less than the measured emin

value. The reason for this may be uncertainties in the measurements of the sand
masses filled into the columns.

Fractional water saturation

Both types of sand are room dry, i.e. have a fractional water saturation of m ~ 0.

Diffusion coefficient

The bulk diffusion coefficient D (m2 s"1) of the sand has been calculated by the
formula [Sh92]:

D = ei Do (36)

e it the porosity of the sand, Do = 1.1 • 10~5 m2 s - 1 is the diffusion coefficient
of radon in free air, and rj is an empirical constant. For dry sand, rj is equal to
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5/2 [Sh92]. The uncertainty on D has been calculated by error propagation from
the uncertainty on e.

The reason for using formula 36 and not formula 25 is, that while the latter is
an empirical approximation for all types of soils, the former has been estimated
especially for sands.

Radon emanation and generation rate

The radon emanation rate E (atoms kg"1 s"1) of the sand has been measured
by the following procedure: A sand sample is placed in a cylindrical container,
which is flushed with aged N2 (which may be considered completely free of radon)
and sealed. Equilibrium between generation and decay of radon in the container
is attained after approximately 30 days. After this time period, air samples from
the container are collected in scintillation cells, and the equilibrium radon con-
centration Coo in the sampled air measured. E is calculated by the mass-balance
equation:

M • E = V • Coo (37)

where V is the volume of the container minus the volume of the sand grains and
M is the bulk mass of the sand sample.

For each type of sand, two independent measurements of £ have been performed
(using two different containers). It has been tested that the values of E obtained
by the two independent measurements were not significantly different (two-sided
t-test with a 95% level of significance), and a representative value of the emanation
rate (shown in table 5), and the uncertainty of this, has been determined by the
weighted mean and standard deviation of the two independent measurements.

It should be noticed, that the sand was not dried before placement in the con-
tainers, and it is thus believed that the moisture content of the sand during the
emanation rate measurement has been approximately equal to the moisture con-
tent in the sand in the two columns during the radon transport experiments.

The radon generation rate G (Bq m~3 s"1) is calculated from formula 3 (p. 5).
The uncertainty on G is calculated by error propagation from the uncertainties
on E, p and e.

Permeability

The permeability k (m2) of the sand has been measured by the following pro-
cedure: A sand sample is placed in a small cylindrical container, which is closed
in the effluent end by a screen and in the influent end by an air-tight lid. The
lid is provided with two valves, of which the one is connected to a differential
manometer 4, and the other to an air supply system 5 . Air of different flowrates Q
is flushed through the system, and the pressure difference Ap between the influent
and effluent end is recorded. Darcy's law (equation 8) is employed to determine
the permeability.

Containers of different materials and dimensions have been employed, and dif-
ferent methods to compress the sand have been tested. It was found, that the
measured permeabilities were insensitive to container dimensions and materials,
but that the measured permeability decreased as a function of increasing com-
pression of the sand. The permeabilities for Lund 1 and Lund 6 listed in table 5,
and the uncertainties on these, are arithmetic means and experimental standard
deviations of the means.

4Furness Control Limited, FC0510 Manometer, 0 - 200 Pa.
5An N2 cylinder connected to a mass flow controller, Brooks Instrument B.V., Model No.

0152/-C1A1, 0 - 1 lpm.
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It has been tested, if the measured permeabilities differ significant from the
effective permeabilities observed for the sand in the large sand columns (see ta-
ble 4, p. 14). For Column I, the effective permeability kefi j is a measure of the
Lund 1 permeability. Comparison of the &eff j value with the Lund 1 permeability
measured in the small containers (table 5) shows, that &eff i is not significantly
higher than the measured Lund 1 permeability (one-sided t-test with a 95% level
of significance).

Given the assumption that the soil-gas flow in the columns are one-dimensional,
the effective permeability of Column II can be calculated by

fceff,II " Al + Ae (38)

where k\ and k$ are the permeabilities of the Lund 1 and Lund 6 sand and Ai
and Ae are the cross sectional areas of the two types of sand. With fci and &g
taken from table 5 and A\ and As determined from the dimensions given in ta-
ble 2, fceff n becomes (5.32 ± 0.30) • 10~10 m2 (the uncertainty is calculated by
error propagation), which is not significantly less than the measured value (one-
sided u-test with a 95% level of significance). This indicates, that there has been
no significant mixing of the two types of sand in Column II during the filling
procedure.

It is concluded, that the permeability measurements performed with the small
containers yield realistic values of the Lund 1 and the Lund 6 permeabilities in
the large sand columns.

Table 5. Characteristic parameters for Lund 1 and Lund 6. pg and p are the grain
and volume density and m is the fractional water saturation. D is the bulk diffusion
coefficient of radon in the sand, E the emanation rate and G the radon generation
rate, e and k are porosity and permeability of the sand.

Sand type: Lund 1 Lund 6

Mkgm )
p(kgm-3)

€

m

E (atoms kg"1 s"1)
G(Bqm- 3 s"1)
fc(m2)

2650
1653 ± 7
0.378
0.432
0.405 ± 0.027(2)

~o
(1.15 ± 0.19)-10-6

0.13 ±0.01(2)
( l . l ± 0 . 1 ) 1 0 - 3

(3.24 ± 0.26)-10-10(20)

2650
1584 ± 6
0.380
0.466
0.423 ± 0.043(2)
~ 0
(1.28 ± 0.33) 10-6

0.31 ± 0.03(2)
(2.4±0.4)-10~3

(2.86 ± 0.23)-10-9(17)

Table 6. Percentage mineral distribution of Lund 1 and Lund 6. Source: 'Dansand,
Silkeborg AS'.

Mineral
SiO2

A12O3

CaO
Na2O
K2O
Fe2O3

TiO2

Lund 1
99.400%
0.320%
0.010%
0.000%
0.190%
0.054%
0.010%

Lund 6
99.600%
0.230%
0.000%
0.000%
0.100%
0.051%
0.010%
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Figure 3. Results of sieving analysis of Lund 1. Source: 'Dansand, Silkeborg AS'
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Figure 4- Results of sieving analysis of Lund 6. Source: 'Dansand, Silkeborg AS'
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3.3 Instrumental set-up
Figure 5 shows the set-up for the experiments. Aged JV2, which can be consid-
ered completely free of radon, is employed as carrier gas. The flow Q of N2 is
controlled by a mass-flow controller6 (MFC). During the experiments performed
with the sand columns (and with the undisturbed soil sample, see Chapter 5)
it has been observed, that the MFC maintains a specific flow stable with only
small short-term statistical fluctations. The MFC has been calibrated once a week
against a bubble flow meter 7 (which is known to be very reliable), during a period
of approximately 5 months. The repeated calibrations revealed the general trend
(systematic error), that the flow values recorded by the MFC is 0 - 6 mL min"1

larger than the actual values for flows less than 400 mL min"1, and 0 - 1 5 mL
min"1 smaller than the actual values for flows larger than 400 mL min"1. On basis
of the calibration measurements, it has been possible to correct the flow values
recorded by the MFC for the observed systematic error. It has been identified,
that due to the statistical variation between any two calibration measurements,
the corrected flow values can be determined with a precision of 6 mL min ~x,
which is the maximum absolute uncertainty in the correction. In [Ca73] it is rec-
ommended that 'component systematic uncertainties be stated as overall limits,
and no attempt should be made to express them in forms which imply a detailed
knowledge of the distribution, for example as a standard deviation', where the re-
ferred systematic uncertainty is a type B uncertainty (see Appendix D). It has
thus been chosen to use ±6 mL min"1 to estimate the uncertainty on the flow
values due to incomplete precision of the correction. In the present context, all
listed flow values have been corrected for the systematic error, and moreover the
standard deviation of the short-term statistical fluctuation of the flow has been
calculated. It has generally been identified, that the statistical fluctations are in
all cases negligible relative to the correction uncertainty. Thus all uncertainties on
listed flow values will be ±6 mL min"1.

A radium-226 source 8, which can be bypassed, is connected to the influent end
of the column. The radon concentration Co in the effluent air from the source is
a function of Q. This function has been determined by calibration data provided
by Pylon Eletronics Inc., and is given by:

C0(Q) = (2945 • Q-0-999727) B q (39)

with Q given in L min"1.
The effluent end of the sand column is connected to a continuous radon monitor

(CRM), based on electrostatic deposition of radon daughters on a surface barrier
a detector 9, placed in a 1-L decay chamber 10. The basic design of the instrument
is described in [P08O]. The CRM has its own pump which circulates gas between
the decay chamber and the exhaust flow from the column at a constant rate of
1 L min"1. The exhaust flow from the column is mixed with the monitor flow
by the use of three union crosses n coupled in series. The a-activity detected by
the instrument is separated in energy lines by a multi-channel analyzer 12. Three
independent calibrations of the CRM against the radium-226 source have been
performed within an interval of 10 months. No significant differences between the
calibrations were observed.

The calibrations resulted in a linear correspondence (constant calibration con-
stant) between the a energy of the radon daughter Po-218 recorded by the CRM

65850S 0 - 1 L min1; Brooks Instrument B.V., Netherlands.
7Gilibrator 20 mL min -1-6 L min"1; Gilian Instruments Corp., New Jersey, USA.
8 Dry-powder Rn-222 source, Rn-1025-20 (23.4 kBq); Pylon Electronics Inc., Canada
9Alpha PIPS-A-300; Canberra Industries, Inc., Connecticut, USA.

10Isotopenlaboratorium der Georg-August-Universitat, Gottingen, Germany.
uB-400-4; Swagelok CO., Canada.
12AccuSpec: Canberra Industries, Inc., Connecticut, USA.
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and the radon concentration present in the instrument. As the a-energy of Po-218
is indistinguishable from the a-energy of the thoron daughter Bi-212, it has been
necessary to correct the energy line for Po-218 for the contribution from thoron,
when both radon and thoron have been present in the instrument 13.

The effiency of the CRM has been observed to decrease with increasing moisture
content in the influent air to the instrument. To eliminate this source of error, a
drying filter has been inserted in the tube connecting the effluent side of the sand
column to the influent side of the CRM. The filter consists of a PVC column
(~ 20 cm high, ~ 10 cm diameter) containing the drying agent drierite 14, which
does neither adsorb radon nor thoron.

Because of the finite volume of the decay chamber, the CRM does not respond
instantaneously to changes in the radon (or thoron) concentration entering the
chamber. The delay time is defined as the time it takes the response of the CRM
to reach equilibrium 15, when air with a constant radon concentration is flushed
through the instrument. Measurements have shown, that the dealy time decreases
from 2 hr to 20 min when Q increases from 50 mL min"1 to 1100 mL min"1. All
measurements presented in the present context have been corrected for the finite
response time.

The pressure difference Ap over the sand column is measured by a differential
manometer with automatic zero-adjustment16. It is presumed, that the fans placed
in the two cavities of the columns do not influence on the measured values of the
pressure difference, as a possible drag created by the fans will be equal in the two
cavities and therefore counterbalance.

Ap is recorded by a datalogger every tenth minute, together with the air flow
Q, the room temperature, and the atmospheric pressure.

3.4 Experimental procedure
Two kinds of experiments have been carried out, radon-E (radon from the source
used as tracer), and radon-I (internally generated radon used as tracer):

Radon-E experiments

1. The source is bypassed, and the sand is flushed with aged 7V2, until the radon
concentration in the effluent air from the sand reaches a well-defined minimum
equilibrium value. This indicates that all excess radon present in the air-
filled pores has been flushed out, and that equilibrium prevails between the
continuous generation and removal of radon in the pores.

2. Aged iV2 with a given radon concentration Co and flowrate Q is flushed
through the sand, while the effluent concentration c(t) is monitored as a
function of time.

3. The source is bypassed and aged iV2 is flushed through the sand with the
flowrate Q, while the effluent radon concentration c(t) is monitored as a func-
tion of time.

13 Both radon and thoron are present in the instrument in the transport experiments performed
with the undisturbed soil column presented in Chapter 5. This is due to the continuous thoron
generation of the soil in the sample.

1497% CaSO4 and 3% CoCL2, W.A. Hammond Drierite Company, Ohio.
15The term 'equilibrium' is not altogether correct. The radon concentration in the CRM will

never reach complete equilibrium because of the continuous circulation of air in the instrument.
By equilibrium is thus meant 'indistinguishable from equilibrium', i.e. that the increase or de-
crease in Q-activity of Po-218 from one counting series to the next can not be distinguished from
the statistical fluctuations. This must be kept in mind when the term 'equilibrium' is used in
connection with the concentration recorded by the CRM.

l6FCO-510 0.00-200.00 Pa; Furness Controls Limited, Bexhill, England.
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Figure 5. Set-up for radon transport experiments on sand columns.

This type of experiment is denoted a tracer experiment, and the measured con-
centration profile a breakthrough curve. A schematic drawing of the procedure
is shown in figure 6. The following parameters will be used to characterize the
breakthrough profiles:

The breakthrough time, which is given by:
tRL

tb

tb = (40)

where L is the height of the sand column, q is the mean Darcy velocity in the
sand and R is the retardation factor, given by equation 21 (p. 8). U is the time
it would take the front of a radon pulse to move through the sand columns, if
they were completely homogeneous and if diffusion could be neglected (piston
flow) [Ju91]. For the inhomogeneous Column II, £(, will be calculated as if the
column only contained Lund 1 sand, as this type of sand constitutes the bulk
of the column.

r/tbi The ratio between the rise time r, i.e. the time it takes the breakthrough
curve to reach 50% of its equilibrium height, and the breakthrough time, r
will be read from the breakthrough curves.

{C/Co)eq' The ratio between the equilibrium concentration approached by the
breakthrough curves and the influent concentration Co.

Radon-I experiments

1. Flushing of the sand with aged N2, until the radon concentration in the
effluent air from the sand reaches a well-defined minimum equilibrium value.
This ensures that all excess radon present in the air-filled pores has been
removed.
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Figure 6. Procedure for radon tracer experiments.

2. All valves in the top and bottom cavity of the column are tightly closed, and
the column is left in this state for approximately 14 days. During this time,
radon is internally generated in the sand.

3. The column is opened and flushed with aged N2 with a known flowrate Q,
while the effluent radon concentration is monitored as a function of time.

This type of experiment is denoted a buildup & flush experiment and measured
concentration profiles is denoted flushing profiles. A schematic drawing of the
buildup & flush experiments is shown in figure 7. The following parameters are
used to characterize the flushing profiles:

<(,: The breakthrough time (equation 40).

tf/tbi The ratio between the flushing time, i.e. the time it takes to flush all
accumulated radon from the sand, and the breakthrough time. £/ will be
read from the flushing profiles.

A: The total activity flushed from the sample until radon-concentration equilib-
rium is reached in the effluent air. A is determined by the formula:

=
Jo

Q-c(t)dt (41)

where Q is the flow rate (m3 s"1) and c(t) is the radon concentration in the
effluent air.

Ceq: The equilibrium concentration in the effluent air from the sand, when all
accumulated radon has been flushed from the column.
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Figure 7. Procedure for buildup & flush experiments.

3.5 Results of experiments
Four tracer and two buildup & flush experiments have been carried out. The tracer
experiments may be divided into two categories: (i) Comparison of breakthrough
profiles for equal air flows through the columns, and (ii) comparison of break-
through profiles for equal pressure differences over the columns. The buildup &
flush experiments have been carried out for equal air flows through the columns.

Each experiment has been given an ID, which is 'Tr' for tracer experiments
and 'Fl' for buildup & flush experiments. Subscripts T, 'II', '1 ' and '2' denote
Column I, Column II, and experiment number 1 and 2. For the tracer experiments,
the pairs (Tr/^.Trj/.i) and (Tr/,2,Tr//,2) represent equal air flows through the
columns, while the pair (Tr/i2,Trj/ii) represents equal pressure differences over
the columns.

Parameters characterizing the six experiments are listed in table 7. The influent
radon concentration Co in the tracer experiments has been determined by for-
mula 39 from the recorded flow values. The parameter T denotes the duration
of the influent radon pulse in the tracer experiments, and the time in which the
columns has been sealed in the buildup & flush experiments

The results of the six experiments are presented in table 8 and in the figures 8
and 9.

Notes on statistics

This section summarizes the statistics used in the determination of the parameters
listed in table 7 and table 8. A summary of the different techniques employed in
the determination of the parameters and the uncertainties are given in Appendix
D. The notation employed to describe uncertainties and degrees of freedom is
likewise described in Appendix D.
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In table 7 the Q values are arithmetic means of flow values recorded by the data
logger every tenth minute. The uncertainties listed for the Q values are the uncer-
tainties due to the incomplete precision of the correction of the flow values, which
is described in the 'Instrumental set-up' section (p. 18). The statistical fluctation
between the single Q measurements are negligible relative to the uncertainty due
to the correction, and are thus not included in the uncertainties listed for the Q
values. The listed Ap values are arithmetic means of pressure differences recorded
by the data logger every tenth minute. The uncertainties on the Ap values are the
experimental standard deviation of the means. The uncertainties on the Co values
are determined by error propagation of formula 39 from the uncertainties of the
Q values.

In table 8, the tb values have been calculated from formula 40. Uncertainties
on the tb have been determined by error propagation from the uncertainties on
the Q and on the / values (/ being the height of the sand in the columns given
in table 2) and on e. The (C/Co)eq values have been determined by the following
procedure: (i) Ceq is determined as the arithmetic mean of the equilibrium concen-
trations recorded by the CRM every half hour or every hour, (ii) the Ceq value are
divided by the Co value. Uncertainties on the {C/Co)eq values have been deter-
mined by error propagation from the uncertainties on the Co values, uncertainties
in the calibration of the CRM, and the statistical fluctation in the measurement
of (C/Co)eq- The last of these has been determined as the experimental standard
deviation of the mean by Poisson statistics. Uncertainties on the r/tb and tj/tb
values are determined by error propagation from the uncertainty on tb and the
uncertainty connected to the determination of r respectively tj from the recorded
data (measured concentration as a function of time), in which the time variable
is discrete. The last uncertainty has been estimated by identifying the two dis-
crete times in the recorded data closest to r respectively </ and then calculating
the arithmetic mean and standard deviation of these. Uncertainties on A have
been determined by error propagation of formula 41 from the uncertainties on Q.
The Ceq values are arithmetic means of data recorded by the datalogger every
tenth minute. The uncertainties on Ceq are experimental standard deviations of
the statistical fluctations.

3.6 Discussion
Soil-gas transport in the two systems has been compared for equal pressure dif-
ferences over the columns: Inspection of figure 8 and comparison of the rise times
T (table 8) of the tracer experiments show, that given equal pressure differences
over the two columns (Tr/i2 and Tr/jj) radon moves fastest through the inho-
mogeneous column. Thus the high-permeable inhomogeneity clearly increases the
soil-gas transport, a result which is expected.

Radon transport in the two systems has been compared for equal soil-gas flow
rates through the columns. In this case it can be expected, that radon transport
through Column II is delayed by radon diffusion from the high-permeable Lund 6
strip to the low-permeable Lund 1 'matrix'. Likewise it can be expected, that
radon transport from Column II is delayed if diffusion is the dominant source of
radon removal from the Lund 1 matrix, i.e. if the advective soil-gas flow is mainly
concentrated in the Lund 6 strip. Furthermore it may be expected that the dealy
in the last case decreases the radon potential (p. 10) of Column II relative to the
potential of Column I, because of decay. Figure 10, p. 27 illustrates the transport
processes in Column II.

Figure 8 shows, that when the soil-gas flow rates through the columns are equal,
the breakthrough curves can not be distinguished. Likewise figure 9 shows, that the
flushing profiles, which has also been measured for equal soil-gas flow rates (after
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the columns have been closed in equal time periods), can not be distinguished
either. Both results indicate, that radon transport both through and from the
inhomogeneous Column II is not altered relative to transport in the homogeneous
Column I.

The radon potentials V (p. 10) of the two columns are estimated by the ratios
A/At between the amount A of radon flushed from the two columns (table 8) in
the buildup & flush experiments and total amount At (Bq) of radon avaiable for
transport out of the sand. At is the sum of the amount of radon present in the
columns when the flushing is started, and the amount of radon generated during
the flushing. Thus for Column I 17:

A\ = MUEX{1 - e~XT) + M^EiXtf = (22.4 ± 1.8) Bq

where Mi,/ and E\ are the mass and emanation rate of the Lund 1 sand in
Column I and tj is the flushing time. Likewise for Column II:

A[< = (MutEx + M6JIE6)(l - e~XT)+

(MunEi + M6,nE6)\tf = (25.0 ± 1.7) Bq

where M\tu and Ei are the mass and emanation rate of the Lund 1 sand in Col-
umn II, MQJJ and EQ are the mass and emanation rate of the Lund 6 sand in
Column II, and tj is the flushing time. Comparison with table 8 shows, that At is
less than A for both columns, which indicates, that the measured emanation rate
for the Lund 1 sand may be too low. The discrepancy is, however, not very pro-
nounced, and rough estimates of the radon potentials of the two columns can still
be obtained. For Column I the radon potential becomes Vi ~ (1.2 ± 0.1) and for
Column II Vn ~ (1.1 ±0.1). It is concluded that Vi and Vu are equal (two-sided
u-test with a 95% level of significance), as the possible error, due to the underpre-
diction of the Lund 1 emanation rate, will be equal for the two columns. Thus the
radon potential of the inhomogeneous column is not decreased by diffusion from
Lund 6 to Lund 1.

In all, both the tracer and the buildup & flush experiments indicate, that radon
transport in the inhomogeneous system is not altered relative to the homogeneous
system. It is suggested that the following two processes counterbalance a possible
delay: (i) Fast horizontal and vertical diffusion in Lund 1 due to the large radon
diffusion coefficient, (ii) ~ 50% of the total soil-gas flow is through Lund 1, and
thus a finite advective flow increases transport in this part of the column (see
figure 10).

A theoretical investigation with the numerical model FRACTRAN of the in-
fluence of the Lund 1 diffusion coefficient on the flushing profiles is presented in
Chapter 4 (figure 21, p. 43). It is shown that the flushing profiles become different
when the Lund 1 diffusion coefficient is decreased, but that the amount of radon
flushed from the two columns is not altered.

3.7 Conclusion
• The experimental equipment works satisfactorily. No serious failures or sys-

tematic errors have been detected during the experiments. The same equip-
ment will be employed in experiments carried out on an undisturbed clayey
till soil sample (Chapter 5).

• The radon tracer experiments show, that given equal pressure differences over
the columns, soil gas moves fastest through the inhomogeneous column.

17The uncertainties on the At values for the two columns have been calculated by error prop-
agation from the uncertainties on the input variables in the calculations.
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• The radon potentials are equal for the homogeneous and the inhomogeneous
system.

Thus in connection with an investigation of soil-gas transport through inhomoge-
neous ('fractured') soil, the two sand columns represent an ideal example, demon-
strating how high-permeable flow-paths increase advective radon transport.

Furthermore the experiments have shown, that transport in preferential flow
paths does not necessarily delay radon transport in inhomogeneous systems, rel-
ative to transport in homogeneous systems.

Table 7. Parameters characterizing sand-column experiments. Q, CQ and Ap are
measured flow, influent concentration and pressure difference. T is measured pulse
time for tracer experiments and buildup time for buildup & flush experiments. The
numbers in the parenthesis are the degrees of freedom (the number of measure-
ments) for the Q and Ap measurements (see Appendix D).

Exp. ID
Tr/,i
Tr/,2
Tr//,i
Tr//,2

Fl/
Fl//

Q (ml/min)
106(407) ± 6
53(688) ± 6

110(389) ± 6
51(255) ± 6

213(135) ± 6
218( 99) ± 6

Co (Bq/m3)
27651±1566
55490 ± 6287
26696 ± 1486
57105 ± 6647

-
-

Ap (Pa)
2.013 ±
0.959 ±
1.091 ±
0.415 ±
3.900 ±
2.161 ±

0.002(407)
0.001(688)
0.004(389)
0.003(255)
0.008(135)
0.003( 99)

T(h)
43.88
67.22
41.62
69.18

335.28
335.28

Table 8. Results of sand-column experiments, tb is the breakthrough time. (C/Co)eq
and T are the normalized equilibrium concentration and the rise time in the tracer
experiments. A, Ceq and tj are the flushed activity, the equilibrium concentration
and the equilibrium time in the buildup & flush experiments. The numbers in the
parenthesis are the degrees of freedom (the number of measurements) for used in
the determination of the equilibrium values on these (see Appendix D).
Exp. ID.

Tr/,i
Tr/,2
Tr//,!
Tr / / i2

Fl/
Fl//

h
h
6.7 ±

13.4 ±
6.6 ±

13.9 ±
3.3 ±
3.3 ±

0.6
1.8
0.6
1.8
0.2
0.2

(C/CoU

0.93(56) ± 0.05
0.80(26) ± 0.09
0.95(29) ± 0.05
0.76(16) ±0.09

-
-

T/t
h

1.3 ±
1.3 ±
1.3 ±
1.3 ±

-
-

6

0.2
0.3
0.3
0.3

26
27

A
Bq
-
-
-
-

.4±

.6±
1
1

.3

.2
18.7
18.6

ce,
h
-
-
-
-

± 1
± 1

i

.2(51)

.7(28)

tf/h

-
-
-
-

2.7 ±0
2.8 ±0

.5

.6
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Figure 8. Measured breakthrough curves. The ratio C(t)/C0 between the effluent
and influent concentration is shown as a function of time.
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Figure 9. Measured flushing profiles.
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Figure 10. Illustration of the transport processes in the inhomogeneous sand sys-
tem.
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4 The model FRACTRAN
In this chapter the numerical model FRACTRAN is presented. The model is
constructed by Sudicky and McLaren, Groundwater Simulation Group, Univer-
sity of Waterloo [Su92, Su95]. The model carries out simulations of steady-state
soil-gas transport and time-dependent radon transport in blockwise homogeneous
soil, containing parallel-plate fractures. The numerical solution of the transport
equations is based on the Laplace transform Galerkin (finite element) technique
introduced by Sudicky [Su89].

A number of verification exercises of the program are presented, and the last
part of the chapter covers a large scale application of the program.

4.1 Background
The model FRACTRAN performs numerical solutions of the set of transport equa-
tions describing steady-state fluid flow and time-dependent solute transport in
two-dimensional cross sections of blockwise homogeneous porous soil, in which a
set of horizontal and vertical parallel-plate fractures perpendicular to the cross-
sectional cut are superimposed. The length of the sample (and the fractures) per-
pendicular to the cross-sectional cut is assumed to be infinite by the program, and
all output from the model (calculated concentrations, flow-rates etc.) are given
per unit running length of the sample perpendicular to the cross-sectional cut.

FRACTRAN is based on the mobile-mobile concept [Sk81], which means that
advective solute transport takes place in both soil matrix and fracture regions.
The mobile-mobile concept is an extension of the mobile-immobile concept, which
means that advective solute transport only takes place in the fractures [Ge76, Ju91,
Chapter 6 of this report].

FRACTRAN was originally developed to simulate transport of water and exter-
nally applied solutes in fractured soil [Su89, Su92, Jo95]. A source term has first
been included in version 4.0 of the program. This version may thus be employed
in simulations of soil-gas and radon transport.

4.2 The Laplace Transform Galerkin Technique
FRACTRAN solves the set of coupled transport equations for soil-gas and radon
transport in porous media containing parallel-plate fractures. Equation 8 (p. 6)
and equation 26 (p. 9) describe steady-state soil-gas transport in soil matrix and
parallel-plate fractures, and equation 20 (p. 8) and equation 28 (p. 9) describe
air-phase radon continuity in soil matrix and fractures. The model assumes instan-
taneous equilibrium for partitioning of radon between the air, water and adsorbed
phases.

The equations describing soil-gas transport are coupled to the radon continuity
equations through the advective terms in the latter. The continuity equations for
fractures respectively matrix are coupled through the fracture-matrix interface
continuity equation (equation 32, p. 9).

In FRACTRAN the numerical Laplace transform Galerkin technique [Su89,
Su92] is employed to solve the set of coupled equations. The method applies the
following steps:

Laplace transformation of time dependent equations

The two radon continuity equations, together with initial and boundary conditions,
are Laplace transformed (equation B.136, p. 137) to inverse time space, in order
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to replace the time derivative operators 'd/dt' with multiplication operators 'p-',
p (s~1) being the inverse time variable. The continuity equations resulting from
Laplace transformation of equation 20 and 28 are:

L[ca } = eR(ca - ca \t=o) + - — + q • Vco - V • (eDVca ) = 0 (42)

and

Lf[cf ] = Af Rf(cf - cf U=o)

-Af Rf [-RfXcf - qf Vcf + V • (Df Vcf )] - RfS = 0 (43)

Application of Galerkins method

The set of Laplace transformed equations (equation 42 and 43 together with
Laplace transformed boundary conditions) are solved numerically by application
of the finite element Galerkin method. By this method the differential equations
L[ca ] and L/[c/ ], which are coupled through the fracture-matrix continuity con-
dition (equation 32), are replaced by one unified matrix equation, determining
the concentration field values at predetermined coordinate points in the model
domain. The procedure for Galerkins method is:

U-

I."' I Model domain

Grid

— — Fracture

• Node

Figure 11. Schematic drawing of a FRACTRAN model domain (shaded area) cut
through by fractures perpendicular to the cross-sectional cut, and divided by a
rectangular grid. The thick lines represent the parallel plate fractures, which extend
perpenddicular to the model domain (along the z-axis). The thin lines define the
grid, which is placed such that all fractures overlap with a grid line. The rectangles
defined by the grid are called grid elements. Corners of the grid elements are
denoted nodes (marked in the figure by small black dots).

• A grid, consisting of rectangular elements, is superimposed on the two-dimen-
sional model domain, representing the cross-sectional cut of the soil sample
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in question. Each corner of a grid element is called a node. The parallel-plate
fractures crossing the model domain are represented by one-dimensional line
elements, coinciding with the sides of the rectangular elements (see figure 11).
Thus each node along a fracture element is also a node in the two dimensional
grid defining the soil matrix. In this way the fracture-matrix continuity con-
dition (equation 32) is satisfied.

The concentration fields ca and Cf are replaced by the approximations:

N

ca (x,y,p)~Ca (x,y,p) = Y^cn(p)$n(xn,yn) (44)
n=l

and

Cf (x,y,p)~Cf {x,y,p) = Y,dUp)<t>n{xn,yn) (45)
n=l

TV is the number of nodes in the grid, and n is the number of fracture nodes.
(xn,yn) are the coordinates of the n'th node in the grid. $„ and 4>n are
interpolation functions at the n'th node, satisfying the relations:

•{
1 ; (x,y) = (xn,yn)
0 ; (x,y) = (xk,yk)t

0; {x,y) = (Xkiyk),ktn
The form of the interpolation functions determines the variation of the fields
Ca and Cf between nodes. Thus the interpolation functions approximate the
variation of the real fields between nodes. The interpolation functions are usu-
ally chosen to be polynomials in (x,y), the order of which are determined by
the expected field variation between nodes. In FRACTRAN, the $ functions
are bilinear, meaning that they are products of linear Lagrange polynomials
in x and y [Hu75], and the <p functions are linear.
cn(p) and c£(p) are the values of the concentration fields Ca and Cf at the
n'th node.

• As Ca and Cf are only approximations of the real fields ca and c/ , the
differential operators L and Lf given in equation 42 and 43 will not yield
exactly zero, when acting on Ca and Cf . The residuals (errors) are defined
by:

R = L[Ca] and Rf = Lf[Cf] (48)

The method of weighted residuals is employed to minimize R and Rf. This is
accomplished by forming a weighted average of the residuals over the problem
domain, and demanding that this weighted average is zero:

/ i ? $ n d r = 0 and / Rf <j>nd\ = 0 ; Vn (49)
Jv Jvf

V is the total model domain, and Py is the one-dimensional domain spanned
by the fractures. The selected weighting functions are equal to the inter-
polation functions employed in Ca and Cf . With this choice of weighting
functions, the demand given in equation 49 is known as Galerkins criterion.

• The first integral given in equation 49 is subdivided into contributions from
each rectangular element in the model domain, and the second integral is
subdivided into contributions from each linear fracture element. The resulting
set of algebraic equations are superimposed by means of continuity at the
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elements shared by fracture and matrix elements, and the result is one set of
algebraic equations in the unknown concentration field factors cn:

MC = (E + (p + \)K)C = C0 + B (50)
E_ is the advective-dispersive matrix (N x N), M_ is the 'mass' matrix (N x N)
containing products of the interpolating functions, C is the vector of the
unknown concentration field values at the node points, Co is the vector of
the initial concentration field values at the node points, and B is a vector
containing Laplace transformed boundary conditions.
As cn = c£ at nodes shared by matrix and fracture elements, equation 50
yields a complete, although approximated, solution of the coupled Laplace
transformed continuity equations.

Matrix inversion

To determine the approximated fields Ca and C/ , C in equation 50 must be iso-
lated, i.e. the matrix M. must be inverted. Because advection is not necessarily
isotropic, M. is most likely asymmetric. Furthermore Laplace transformed opera-
tors are generally complex valued, and M. may thus be complex-valued. Finally
the dimension N xN of M_ may be very large, when the grid contains many nodes
in order to cover all fractures. Thus analytic inversion of M. may be very time and
memory consuming, and is therefore avoided in FRACTRAN. Instead an iterative
numerical procedure is used, known as ORTHOMIN acceleration. This procedure
is based on an iterative minimization of the residual which appears, when M
is replaced by a simplified, easily inverted, matrix. A detailed description of the
ORTHOMIN scheme is given in [Su92].

Inverse Laplace transformation

When the matrix equation 50 has been solved, only one thing remains in the de-
termination of the concentration fields, namely the inverse Laplace transformation
of the fields Ca and Cj . The dependence of the inverse time-coordinate p in the
two fields is isolated to the concentration field values cn(p) and c£(p). As the in-
verse Laplace transformation operator £~x is linear, each of the field values may
be inverted separately, and the transformed fields are then given by:

N

Ca (x,y,t) = Yi
c~1l^)(t)^n(xn,yn) (51)

n=l
and

n

Cf (x,y,t) = ]T C-\cn]{t)<j>n{xn,yn) (52)
n=l

The inverted field values are calculated by the same numerical approximation
of the inverse Laplace transformation, which is employed for the analytic model
presented in Chapter 6 (Appendix B, [DH82]):

cn(t) = ̂ ect (\cn(c) + £ 3? [a»(c + ̂ ) e ^ ] ) + Er (53)^ \ [ ^ ]
The basis of the approximation is replacement of £ - 1 by a Fourier series with
period 2T, where T is the maximum time at which cn(t) will be calculated, i =
i /-T is the imaginary unit, 3? denotes the real part of the complex expression in
the brackets and ET is an error term. The factor c is real and must be chosen
such that the line {c + it \ -co < t < oo} in the complex plane is to the right of
any singularity of cn. In Appendix B and [Cr76] are given guidelines on optimal
choices of c, when Er and T have been chosen (p. 141).
In FRACTRAN the infinite sum in equation 53 is cut off at a finite k = 2K value.
In [Su92] is stated, that K = 5 is sufficient in most cases.
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Discussion

The advantages of the LTG technique is firstly, that the calculated concentration
fields are continuous in time. This should be compared to the conventional nu-
merical procedure, where a time-stepping procedure is included in the numerical
solution scheme. Thus constraints on the time step-size is avoided in the LGT
scheme. Secondly it has been shown by Sudicky [Su89j, that the Laplace trans-
formed concentration fields are rather smooth in space, and thus relatively coarse
finite element grids may be used.

4.3 Verification
FRACTRAN was originally developed for simulations of water and solute trans-
port in fractured soil. In this respect the model (without the source term) has
been thoroughly tested, both by comparison with analytic solutions of simple
problems [Su89, Su92, Su95], and by comparison with experiments [J095].

Version 4.0 of FRACTRAN includes a source term, and may therefore be em-
ployed in simulations of radon transport in fractured soil. The source term is a
new feature, and has as such been only briefly tested [Su95]. Within the knowl-
edge of the author of this report, FRACTRAN has not been employed before in
simulations of soil-gas transport in partly saturated soil. In earlier applications,
it has been assumed that the soil was completely water saturated, and the only
source of retardation has been adsorption of solutes onto soil grains. In radon
transport problems, retardation will be caused both by adsorption and by disso-
lution of radon in the water phase. It is realized, that the shift from water and
solute transport to soil-gas and radon transport is not trivial, and consequently
a number of verification exercises have been performed, including the following
separate subjects:

• Analytical test of the ability of FRACTRAN to accurately simulate soil-
gas and radon transport in completely dry, non-adsorbing, homogeneous soil,
given different initial and boundary conditions [Ho95]. It has been shown, that
in FRACTRAN calculations it is advisable to observe the following inequality:

20 A(Xi)max <A{ = U(^)2 + (^)2j (54)

where Qi is the soil-gas velocity in the i'th direction (i = x or i = y), D
the bulk diffusion coefficient, e the soil porosity, A the radon decay constant
and A(xi)max the maximum allowable distance between neighboring nodes
in the finite element grid in the i'th direction. A* represents the characteristic
transport length of the problem in question, i.e. the average length a radon
atom moves in the i'th direction by diffusion and advection before it decays.
Thus the inequality states, that the distance between neighboring nodes in
the i'th direction should be far less than the effective transport length.
Experience has shown, that it is in many problems possible to employ values
of A(xi)m o i at least one order of magnitude larger than the bound given by
equation 54.

• Analytic test of the ability of FRACTRAN to handle transition of radon
between the water, air and adsorbed phases (presented below).

• Analytic test of the ability of FRACTRAN to model radon transport in soil
containing a vertical parallel-plate fracture (chapter 6).

• Test of the ability of FRACTRAN to predict a physical radon transport
experiment (presented below).

32 Ris0-R-975(EN)



By the analytic tests it is assured that FRACTRAN solves the soil-gas and radon
transport equations correctly. By the physical test it is assured that FRACTRAN,
on basis of measured input parameters, yields realistic predictions of real transport
problems.

Analytical verification I

This section focuses on the ability of FRACTRAN to handle radon transport in
partly water saturated soil, where radon is exchanged between the mobile air phase
and the immobile water and adsorbed phases. The test is based on a comparison
with an analytic solvable problem.

Moisture problem: The analytic problem employed in the verification exercise
is described by the following set of equations:

DB,i <92ci q dci (j)i

0 = - ^ - - 5 - 0 - - -5--=-+Aci - — ; 0 < a r < L 0 (55)
0 dx2 0 dx 0
01 0i dx 0

DB,2 d2c2 q dc2 fa , . T ....
0 = —^—-5-0" ~ -5--s— + A c 2 - ir LQ<x<L (56)

02 dx2 02 OX 02
ci(0) = co (57)
c2{L) = 0 (58)

C l(Lo)=c2(Lo) (59)

\x=Lo= \-DB,2^ + qc2] \x=Lo (60)

<j>i=€iGi ; t = l , 2 (61)

Equation 55 to 61 describe steady-state one-dimensional radon transport in
a slab consisting of two different partly water-saturated adsorbing soil layers
(figure 12). It is assumed that partition of radon between the air, water and
adsorbed phases is in instantaneous equilibrium. Equation 55 and 56 are the
radon continuity equations in the layers (for a more detailed description of
the equations, see Chapter 2 formula 20 to 25). Equation 57 and 58 reflect the
boundary conditions at the two outer edges of the soil, equation 59 reflects
concentration continuity at the boundary between layers, and equation 60
is the bulk-flux mass-balance condition at the interface between layers. The
problem will in the following be denoted the 'Moisture problem'.
Both continuity equations are inhomogeneous second order differential equa-
tions, which are solved by ordinary techniques ([Sp68], formula 18.8). The
solution of the Moisture problem is presented in Appendix C.

Soil characteristics: Three specific solutions of the moisture problem have been
compared with FRACTRAN calculations. The solutions are named 'Dryl',
'Moistl' and 'Moist2', reflecting that in the first example both layers in the
slab are assumed to be completely dry, while in the second and third example
one, respectively both layers are assumed to be partly water saturated. All
three examples assume the same geometry of the layered soil, the same soil
type in each layer, the same soil-gas Darcy velocity through the soil, and the
same constant concentration CQ at x — 0. The two soil types are assumed
to be sandy clay loam (0 < x < Lo) and sand-charcoal (Lo < x < L). The
dimensions of the slab are set to Lo — 2 m and L = 3 m. Characteristic soil
parameters are shown in table 9. Parameters defining the three different prob-
lems are collected in table 10. The Darcy velocity is in all three problems set to
q = 5-10~6 m s"1, the left-hand side concentration to c0 = 1000 Bq m~3, and
the Ostvald coefficient to 0.2593 (corresponding to ~ 20°C). The 0 and the
D values have been calculated from formula 22 (p. 8) respectively formula 25
(p. 8).
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Figure 12. Schematic drawing of the moisture problem.

Table 9. Characteristic soil parameters for the moisture problems.

4> (Bq n

e
Pb (kg r
ka (m31

1-3 s"1)

n~3)

kg"1)

Sandy clay loam
3.01 • 10"2

0.35
2200
0.00084 e - 1 2 - 3 m

Sand-charcoal
4.8 • 10-4

0.32
1500
0.19e- 8 9 m

Table 10. Parameters characterizing each of the three verification examples Dryl,
Moistl and Moist2. Numbers 1,2 on the parameters indicate layer 1 (0 < x < La),
and layer 2 (Lo < x < L).

Parameter
m i

7712

DB,i (m2 s"1)
DB,2 (m2 s-1)
fc^^kg-1)
fc^^kg-1)
Ai(m)
A2 (m)
A( i i ) m a i (m)

A(a;2)mai (m)

Dryl
0
0
2.20
285.32
1.35 • 10~6

1.13 10"6

0.00084
0.19
0.026
0.024
0.025
0.025

Moistl
0.5
0
0.22
285.32
2.42 • 10~7

1.13-10"6

1.79-10-6

0.19
0.007
0.024
0.025
0.025

Moist2
0.5
0.25
0.22
30.26
2.42 • 10"7

5.60 • 10-7

1.79 • 10~6

0.02
0.007
0.010
0.025
0.025
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FRACTRAN set-up: A FRACTRAN simulation of each problem defined in
table 10 has been performed. The values of the parameter A, indicating the
recommended limit of the element size in the grid (equation 54), together
with element sizes A(x) actually employed, are shown in table 10. It is noticed
that the nodal distance A(xi) m a i employed in the FRACTRAN simulations
is more than a factor two larger than the recommended distance Ai in the two
cases Moistl and Moist2. It has been recognized during the calculations, that
the FRACTRAN concentration fields became stable around the employed
A(z i ) m a i values.

Comparison: The analytical calculations and FRACTRAN simulations have
been compared by visual inspection of the concentration fields.
Furthermore the correspondence between the calculations have been checked
by regression analysis, i.e. the slope a, intercept 0 and correlation coefficient
R of the datasets (cez(xn),c/ r(xn)) have been calculated, where c/r(x) and
cex(x) (Bq m~3) are the concentration fields as a function of position in the
slab calculated by FRACTRAN respectively the analytic model, (zi ,x2,x3...)
= (0 m, 0.025 m,0.05 m...) and AT = 121. a, 0 and R have been calculated
by standard techniques ([Be92, Du77] and Appendix D). The better the cor-
respondence is between the FRACTRAN simulations and the analytic calcu-
lations, the closer will the datasets be to straight lines (i.e. R = 1) with slope
a = 1 and intercept 0 = 0.

The calculated concentration fields are shown in the figures 13,14 and 15. The
calculated a, 0 and R values are shown in table 11. The three figures indicate
very good correspondence between the two models. The table shows, that
R = 1 and a ~ 1 for all three problems. Furthermore it is seen, that \0\ is at
its maximum 20 Bq m~3. R = 1 shows, that there is perfect linear correspon-
dence between analytic and FRACTRAN concentration fields, while a ~ 1
together with \0\ < 20 Bq m~3 show, that the individual (cex(xn),Cfr(xn))
points are approximately equal with a mean deviation of less than 20 Bq m~3.
These deviations are negligible relative to the general order of magnitude of
the calculated fields, which is between 103 Bq m~3 and 104 Bq m~3 (see fig-
ure 13 to 15), and it can be concluded that there is almost perfect agreement
between the analytic problems and the FRACTRAN simulations.
FRACTRAN is thus able to handle radon transition between the air, water
and adsorbed phases, with a high degree of accuracy.

Table 11. Calculated slopes a, intercepts 0 and correlation coefficients R of the
regression analysis of the comparison between FRA CTRAN and analytic calcula-
tions.

Problem: Dryl Moistl Moist2
a 1.001 0.995 0.997
/?(Bqm-3) -3.653 1.897 -19.332
R 1.000 1.000 1.000

Analytical verification II

The second verification exercise focuses on the ability of FRACTRAN to handle
radon transport in soil containing one parallel-plate vertical fracture. FRACTRAN
calculations will be compared to an analytic model which only differs from the
analytic time-dependent pinhole model presented in Chapter 6 in that respect, that
a cylindrical fracture structure is replaced by a parallel-plate fracture structure.
Thus the scheme employed in the solution of the analytic model is described in

Ris0-R-975(EN) 35



5OOO.OO

4000.00

3000.00

C (Bq rtT^

2000.00

1000.00

0.00
x (m)

2.00 3.00

Figure 13. Comparison between calculations of Dry 1 performed with FRACTRAN
and with the moisture model.
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Figure 14. Comparison between calculations of Moistl performed with FRAC-
TRAN and with the moisture model.
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Figure 15. Comparison between calculations of Moist2 performed with FRAC-
TRAN and with the moisture model.

Chapter 6, and therefore a detailed description of the verification exercise is moved
to that chapter (see p. 89).

In the verification exercise it is shown, that the analytic model does not dif-
fer significantly from the FRACTRAN calculations (p. 92). It is concluded that
FRACTRAN is able to handle simple problems of radon transport in fractured
soil.

Physical verification of FRACTRAN

This section focuses on how well FRACTRAN calculations, based on measured
parameters, are able to predict a physical transport problem. The test is based
on comparison between FRACTRAN calculations and results of the sand-column
experiments presented in Chapter 3.

Experimental results: Experiments have been performed with a homogeneous
sand column (Column I) and an inhomogeneous sand column (Column II).
Construction of the columns is described in Chapter 3 (p. 11). All experiments
performed with the columns will be compared to FRACTRAN calculations.
Parameters characterizing the experiments are shown in table 7 (p. 25). The
results of the experiments are shown in the figures 8 (p. 26) and 9 (p. 26) and
in table 8 (p. 25).

Model set-up: FRACTRAN's two-dimensional computational domain corre-
sponds to the cartesian coordinates (x,y), and it has therefore not been pos-
sible to model the columns as being circular. A FRACTRAN column must
therefore be visualized as a cross-sectional cut in the x — y plane of a rectan-
gular box which extends infinitely in parallel with the z-axis. The flow of gas
occurs mainly along the j/-axis. Thus, model output such as flow rates and
radon fluxes have been computed per running meter along the z-axis.
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A FRACTRAN model of each of the two sand columns has been constructed.
Schematic top and side views of the models are shown in figure 16. The
dimensions corresponding to the designations in the figure are given in table 2
(p. 13), except for the widths D[ and D'2 of the model columns, which are
not equal to the diameters Dy and D2 of the real columns.
To obtain simulation results directly comparable with experimental results, all
calculated quantities have been normalized to 31 cm of running length (along
the z axis), and the widths D[ and D'2 of the two FRACTRAN model columns
have both been set to 0.24 m. The reason for the scaling is two-fold: (i)
The FRACTRAN columns obtain the same cross-sectional area perpendicular
to the flow direction as the real columns and (ii) the ratio of the amount
of Lund 6 sand and the amount of Lund 1 sand per running meter in the
z-direction in the model of the inhomogeneous column is identical to the
ratio between the two sand types for the real column. Thus the effective
permeability of the model column becomes equal to the effective permeability
of the real column, and thus the advective transport conditions are equal in
the model and in the real column.
The two cavities present in the real columns are also included in the compu-
tational planes of the model columns. Input parameters used for the cavities
are D = Do = 1.1 • 10"5 m2 s"1, k = 1.4 • lO"6 m2, e = 1 and G = 0. The
choice of D is an approximation, as the real diffusion coefficient in the cavities
is probably higher due to mixing by the fans. But experience has shown, that
it is difficult to let D > Do in FRACTRAN simulations (Do must be specified
directly as input), as this may create serious calculation errors.
The boundary conditions employed in the FRACTRAN calculations are also
shown in figure 16. In the simulations of the tracer experiments, the concen-
tration Co of the injected radon pulse has been specified by applying a Cauchy
condition (including both diffusion and advection of the influent pulse into
the cavity) with Co as influent concentration at the bottom boundary during
the time T, in which the pulse is turned on. When the pulse is turned off, the
influent concentration is instantaneously set to zero.
Characteristic sand parameters employed in the models are taken from ta-
ble 5 (p. 16). Input parameters, such as the air-flow rate Q, influent radon
concentration Co etc., have been taken from table 7 (p. 25).

Table 12. Results of FRACTRAN simulations of sand column experiments.
(C/Co)e(/ and r are equilibrium concentration and rise time for the simulations
of the tracer experiments. A and Ceq are total flushed activity and equilibrium
concentration in the simulations of the buildup & flush experiments.

Exp.no.

Tr/,!
Tr/,2
Tr//,!
Tr//,2

Fl/
Fl//

(C/C
-

0.94(12)
0.86(19)
0.94(11)
0.86(16)

-
-

o)<

±
±
±
±

'i

0.01
0.02
0.01
0.02

f/u
-

1.5 ±0.2
1.4 ±0.2
1.4 ±0.2
1.3 ±0.2

-
-

21
23

A
Bq
-
-
-
-

.1±

.8±
2
2
.7
.8

ceq
Bqm"3

-
-
-
-

13.0(13)
14.7(11)

Results of simulations: Figure 17 to 20 and table 12 show the results of the
six simulations. In the table, the designation 'tilde' (e.g. A) indicate calcu-
lated results. Table 8 (p. 25) in Chapter 3 shows the corresponding measured
results. The uncertainties shown in table 12 are only based on uncertainties
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Figure 16. Schematic view of the models for Column I and II. The top figures
show a top view of the models, and the bottom figures a side view.CRn is the
radon concentration, and terms as 'dCRn/dx' denote radon flux at a boundary.
qair is the air flow, and terms as 'dqair/dx' denote air flux at a boundary.

in the input air flow rates and on uncertainties caused by statistical varia-
tions in the calculations. Thus the dependency of the model calculations on
variations in sand parameters and model geometry has not been tested.

Notes on statistics: This section summarizes the statistics used in the deter-
mination of the parameters listed in table 12. A summary of the different
techniques employed in the calculation of the parameters and the uncertain-
ties are given in Appendix D.
The uncertainties on (C/Co)eq have been estimated from the uncertainties
on the tb values by error propagation of the formula (C/Co)eq

 = exp(—Atj)
(tb being the breakthrough time), which describes the theoretical loss due to
decay when and external radon pulse is flushed through the sand columns. Un-
certainties on the r/tb and tf/tb values are determined by error propagation
from the uncertainty on £& and the uncertainty connected to the determina-
tion of T respectively tf from the calculated data (calculated concentration as
a function of time), in which the time variable is discrete. The last uncertainty
has been estimated by identifying the two discrete times in the recorded data
closest to r respectively tf and then calculating the arithmetic mean and
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Figure 17. Measured results and results of FRACTRAN calculations of Trj^ and
TrIi2.
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Figure 18. Measured results and results of FRACTRAN calculations of Trutl and
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Figure 19. Measured results and results of FRACTRAN calculations of Fli.
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Figure 20. Measured results and results of FRACTRAN calculations of Flu.
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standard deviation of these. The uncertainties on A have been determined
from the uncertainties on Q by error propagation.

Discussion and conclusion: Figure 17 and figure 18 show, that small discrep-
ancies exist between calculated {C/C0)eq and measured (C/C0)e<i equilibrium
values for the simulations of the tracer experiments, especially at low air-flow
rates (~ 50 mL min"1). Comparison of table 12 and table 8 (p. 25) shows,
that the measured equilibrium values are not significantly less than the cal-
culated values (one-sided u-test with a 95% level of significance). Comparison
of table 12 and table 8 furthermore shows, that the measured and calculated
values of TJt\, for the tracer experiments can not be distinguished. The differ-
ence between measured and calculated equilibrium concentrations is probably
caused by the large uncertainty in the input air-flow values.
Inspection of the figures 19 and 20 and comparison of the tables 12 and 8
(p. 25) show, that in the simulations of the buildup & flush experiments the
calculated amounts of radon flushed from the sand columns A are less than
the measured values A. For Column I A is significantly less than A while
the difference is not significant for Column II (one-sided u-test with 95%
level of significance). Furthermore the calculated values of the equilibrium
concentration Ceq are less, although not significantly (one-sided u-test with a
95% level of significance), from the measured values Ceq. These observations
indicate, that the emanation rate measured for the Lund 1 sand (see table 5,
p. 16) may be too low. This corresponds with the calculations performed in
the discussion in Chapter 3. Here the amounts of radon available for transport
out of the columns At were calculated (p. 24), and it was shown, that the At

values were less than the measured values A.

Finally inspection of the figures 19 and 20 shows, that the measured and
calculated equilibrium times of the buildup & flush experiments can not be
distinguished.
It is concluded, that FRACTRAN predicts the transport properties of the
sand column experiments with reasonable accuracy. Given the large uncer-
tainties on the input parameters to the model, no higher accuracy can be ex-
pected. To improve the accuracy of the model calculations, it will be necessary
to obtain a more accurate calibration of the mass flow controller employed in
the experiments, and furthermore the emanation rates of the two sand types
should be measured again. In the present context, this has not been pursued
further, as FRACTRAN is not to be used for other purposes, and thus more
refined verification exercises can not be justified.

Application: In the discussion of the sand column experiments in chapter 3
it was suggested, that one of the reasons that the flushing profiles of the
homogeneous Column I and the inhomogeneous Column II (figure 9, p. 26)
is similar, is the large diffusion coefficient of the Lund 1 sand. This has been
investigated with FRACTRAN: Simulations of the flushing profiles of the two
columns have been carried out with the Lund 1 diffusion coefficient equal to
4.05 • 10~8 m2 s"1. The result is shown in figure 21 and in table 13. The
figure indicates, that the flushing profiles become different when the Lund 1
diffusion coefficient is reduced: Radon is flushed slower from column II than
from column I. Comparison of table 13 and table 12 shows, that the amount
of radon flushed from the columns is not altered by changes in the Lund 1
diffusion coefficient.

It is concluded, that the high Lund 1 diffusion coefficient is one of the reasons
for the similarity of the measured flushing profiles in Chapter 3. As mentioned
in Chapter 3, another reason is suggested to be a finite advective contribution
to the radon transport in the Lund 1 sand.
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Table 13. Calculated values of the total amount of radon flushed from the two sand
columns in the buildup & flush experiments, when the diffusion coefficient of the
Lund 1 sand has been set equal to 4.05 • 10~8 m2 s"1. The uncertainties on the A
values have been calculated by error propagation from the uncertainties on the Q
values.

Exp. no.
A
Bq

Fl/
Fl//

21.3 ±2.7
23.8 ± 2.8

500 r

t(hr)

Figure 21. Simulated flushing profiles of the two columns with the diffusion coeffi-
cient of the Lund 1 sand set equal to 4.05 • 10~8 m2 s"1.

Conclusions of verification exercises

The analytic examples have demonstrated, that FRACTRAN is able to handle
three phase radon transport (air, water and adsorbed) in both fractured and lay-
ered soil.

The physical verification exercise has demonstrated, that FRACTRAN calcu-
lations, based on measured parameters, predicts soil-gas and radon transport in
different sand systems with reasonable accuracy.

4.4 Large scale simulation
This section presents the results of a large-scale simulation of soil-gas and radon
entry into a house, carried out with the numerical model FRACTRAN. The ob-
jective of the investigation is to assess the importance of fractures on soil-gas and
radon entry. Simulations are performed for a homogeneous and a fractured site.
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Background

It has been observed, that numerical effective porous media (EPM) models, based
on measured parameters, may underestimate soil-gas entry rates into houses [An92,
Ga93]. As discussed in Chapter 1, it is suggested that fractures and macropores
may be the reason for this discrepancy. It is not known how fractures affect radon
entry into houses.

The objective of this section is to present an application of the model FRAC-
TRAN by comparing simulations, based on realistic soil parameters, of radon
entry into a house located on fractured soil with simulations of entry into a house
located on homogeneous soil.

A similar problem is presented in [An92], where the weight is attached to the
investigation of soil-gas and radon entry into a house placed on homogeneous
soil, given different house construction and soil characteristic configurations. Basic
information of house construction is taken from the mentioned reference.

Problem definition

A rectangular cross sectional cut through the base of a house and the surrounding
soil is considered. The cut is made through the center of the house. The house
is a slab-on-grade construction and is assumed to be built of materials which are
completely impermeable to radon and soil-gas transport. The radon generation in
the building material is considered to be negligible. It is assumed that a 3 mm thin
crack exists at the interface between the slab and the wall. As explained in [An92],
it is realistic to assume that such a crack exists, as the slab and the foundation
are constructed separately. It is assumed that the radon diffusion coefficient in the
crack is zero, as it is only the radon entry caused by pressure driven soil-gas flow
which is considered in the present large scale investigation. The slab is assumed
to be placed on a high-permeable gravel layer.

Two types of soil are considered: Homogeneous soil and soil containing vertical
parallel-plate fractures perpendicular to the computational plane. In the fractured
case it is assumed, that no fractures connect the soil surface with the base of
the house, i.e. that all vertical fractures have been cut off at the house walls
when the house was constructed. This assumption justifies the two-dimensional
approximation: If fractures were not cut off at the house walls, the two-dimensional
model would not be a realistic representation of the site, as soil-gas transport
through fractures connecting the soil surface with the base of the house (at walls
parallel with the computational plane) would be neglected. This is illustrated in
figure 22.

A sketch of the computational plane (without fractures) is given in figure 23,
and an outline of the dimensions shown in the figure is given in table 14.

Table 14- Dimensions corresponding to the designations in figure 23. The param-
eter dc indicates the width of the crack, which is located at the boundary between
the wall and the slab.

L
H
I
h

bi
62
b3

dc

20 m
4 m
5 m
0.9 m
0.3 m
0.1m
0.15 m
0.003 m
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Figure 22. Illustration of the two different situations where (a) fractures are not
cut off at house walls, and (b) where fractures are cut off at house walls. The
house (the shaded area) is seen from above. Arrows in case (a) indicate soil gas
flow in fractures from the soil surface towards the crack in the base of the house.
This flow, which would not be included in a two-dimensional FRACTRAN model
of the house is neglected in case (b).

Table 15. Fracture dimensions employed in the large scale FRACTRAN model.

Fract.I Pract.II
26 (m)
2B (m)

82•10"6

0.5
2

71 • 10-
1.25
2.5

Soil and gravel geology

The soil porosity e and radon generation rate G employed in the simulations have
been set equal to the values measured for the undisturbed clayey-till soil sample
described in Chapter 5, while the radon diffusion coefficient D of the soil has been
calculated by equation 25 (p. 8). The soil is considered to be completely dry in all
simulations 18. Employed soil parameters are presented in table 16. In the table,
LD = yjD(5/\ is the diffusion length.

The permeability k is the gas permeability of the soil in the homogeneous case,
while k is the gas permeability in the soil matrix between fractures in the fractured
case. In each kind of simulation (homogeneous and fractured), five different values
of A; have been tested: 10 15 m2,
10-10 m2.

10-14 m2 10-13 m2, 10-12 m2, 10- u m2 and

The parameters characterizing the gravel layer have been held constant through-
18 An investigation of the influence of partly water saturation on radon entry rates into a house

placed on homogeneous soil is given in [An92].

Ris0-R-975(EN) 45



6 2 k
— - - — 61

Slab
Gravel

63 t—>
Wall

H

X7

Figure 23. Structure of the site used in the large scale FRACTRAN simulation.
The parameter dc indicates the width of the crack, which is located at the boundary
between the wall and the slab.

out the simulations. These are m = 0, e = 0.331, D - 1.2 • 10~6 m2 s"1,
fc = 5 • 10-9 m2 and G = 2.2 • 10~2 Bq m"3 s"1.

In simulations of the fractured site, information on realistic fracture spacings,
lengths and apertures are taken from [J095]. It has been decided to use only
primary fractures, which means continuous parallel-plate fractures with vertical
extensions between 0.5 m and several meters. Two different types of fractures are
employed (Fract.I and Fract.II), of different apertures 26, spacings IB and vertical
extensions in the soil Lj. Two fracture set-ups are employed, the first of which
only includes fractures outside the base of the house, while the second also includes
fractures under the base of the house. Both types of fractures (Fract.I and Fract.II)
are used in each of the set-ups. An outline of employed fracture dimensions is given
in table 15. The figures 24, 25 and 26 are sketches of the computational plane in
the three cases where the soil is homogeneous, contain fractures outside the base
of the house and contain fractures both under and outside the base of the house.

Table 16. Characteristic soil parameters employed in the large-scale FRACTRAN
simulation.

m
e
G(Bqm" 3 s"1)

JD(m2s-1)
LD (m)

0
0.331
0.123
1.2-10-6

0.65
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Figure 24- Sketch of the computational plane when no fractures are present in
the soil (homogeneous case). The figure is at the same time a snapshot of the
concentration profile under the house in the homogeneous case with k = 10~12 m2.

FRACTRAN set-up

Three FRACTRAN set-ups have been defined, one homogeneous and one in each
of the fractured cases (see figure 24, 26 and 26). The maximum distance between
neighboring nodes in the computational plane has been Ax — Az = 0.5 m in
all three models. It has been identified that the calculated concentration fields
and soil-gas entry rates did not vary significantly, when the nodal distance was
decreased below the chosen value. Employed boundary conditions have been:

• Zero soil-gas and radon flux at the bottom boundary of the computational
plane (z = 0), corresponding to the existence of at groundwater table.

• Zero soil-gas and radon flux at the left boundary, representing symmetry
around the center of the house.

• Zero pressure at the outdoor part of the top boundary.

• Zero radon concentration at the top boundary.

• D = 0 m2 s"1 and A; = 0 m2 in the slab, to ensure zero radon transport across
the slab.

• D = 0 m2 s"1 in the crack, to ensure that only advective transport takes
place through the crack.

• A pressure of —5 Pa at the indoor part of the top boundary, which is assumed
to represent an upper bound of realistic house depressurizations [Sc88A,
Na88].
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Figure 25. Sketch of the computational plane when fractures are present in the
soil outside the base of the house. The figure is at the same time a snapshot of the
concentration profile under the house in the case with fractures outside the base of
the house and k = 1O~12 m2 in the soil between fractures.

Results of simulations

Due to the two-dimensional nature of FRACTRAN models, the present FRAC-
TRAN house and soil site must be visualized as a cross-sectional cut in the x — y
plane of a rectangular house and soil site which extends infinitely in parallel with
the z-axis. The calculated soil gas and radon entry rates are therefore expressed
as entry rates per running crack meter. Thus if the calculated results are to be
related to a real house, they must be multiplied with the circumference of the
house, and corner effects must be taken into account. By corner effects is meant
the problems connected to the shift from the two-dimensional model, in which the
house is infinitely long, to a three-dimensional rectangular house.

Table 17 presents calculated soil-gas and radon entry rates into the house in
the homogeneous (EPM) case. The table shows the soil-gas entry rates Qo and
radon entry rates QCQ into the house, and the radon concentration CQ in the top of
the crack 19. Figure 28 and 29 show the calculated soil-gas and radon entry rates
in the homogeneous case. Linear regression of the two curves yields the following
formulas:

ln(Qo) = 0.995 • ln(A:) + 12.071

ln(fc) + 23.026
ln(5 .6-10- 1 m 3 s - 1 m"1)ln(Qco) •{

fc < 1 0 " " m2

it = 10-10 m2

(62)

(63)

where Qo is in units of m3 s l m *, k is in units of m2 and Qcn in units of
B q s " 1 m"1 .

^Multiplication of soil gas entry and radon concentration in the top of the crack must yield
the radon entry into the house, as the diffusion in the crack has been set to zero. This is thus
an extra test of the accuracy of the model.
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Figure 26. Sketch of the computational plane when fractures are present in the
soil both under and outside the base of the house. The figure is at the same time
a snapshot of the concentration profile under the house in the case with fractures
both under and outside the base of the house and k = 10~12 m2 in the soil between
fractures.

Table 18 shows the results of the simulations when fractures are only present
outside the base of the house. Table 19 shows the results of the simulations when
fractures are present both under and outside the base of the house. Both tables
show the soil-gas entry rates Q and radon entry rates Qc into the house and the
radon concentration c in the top of the crack. E.g. the soil-gas entry rate and radon
entry rate are equal to Q = 2.2 • 1(T7 m3 s"1 m"1 and Qc = 1.1 • 10~2 Bq s"1 m"1

in the case where fractures are present both under and outside the base of the
house, and k = 10~12 m2 in the soil between fractures (table 19). In case of a
real house with perimeter O equal to e.g. 25 m, the soil-gas entry rate Qh and
radon entry rate QCth would be estimated by Qh ~ Q • O = 5.5 • 10~6 m3 s"1 and
Qch ~ Qc -O = 2.8 • 10"1 Bq s"1. These estimates are only illustrative, as corner
effects have not been taken into account.

In table 18 and table 19 are also introduced the parameters ke^ and Qc efj.
fcgfj is the effective permeability of the soil relative to the house, calculated from
formula 62 with the Q values used as input, under the assumption that an EPM
representation of the fractured site is valid. Qc efj is the radon entry rates calcu-
lated from formula 63 with the fcefj values used as input. Qc ejf is thus the radon
entry rates which would be predicted by an EPM representation of the fractured
site, given the same effective permeability as the fractured site. By comparing the
Qc eff values and the Qc values it is thus investigated if homogeneous represen-
tations, including true effective transport parameters, of the fractured sites are
adequate for predicting radon entry into the house.

Figure 30 shows the soil gas entry rates into the house. The entry rate for a
given permeability k in the matrix between fractures has been normalized by the
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entry rate for homogeneous soil with the same permeability k. E.g. the soil gas
entry rate Q = 3.7 • 1CT10 m3 s"1 m"1 for Jb = 10"15 m2 in the case where
fractures only exist outside the base of the house (table 18) has been normalized
by the soil-gas entry rate Qo = 2.1 • 1(T10 m3 s"1 m"1 for Jb = 10~15 m2 in the
homogeneous case (table 17).

Finally the figures 24, 25 and 26 show radon concentration fields in the soil
under the house in the three cases where the soil is homogeneous, contain fractures
outside the base of the house and contain fractures both under and outside the
base of the house.

Discussion

The boundary condition p = - 5 Pa inside the house may be used to estimate a
lower bound on the pressure gradients induced in the soil by the house. It is clear,
that the induced pressure gradients are not constant throughout the soil site, but
will be highest in the neighborhood of the crack. If it is assumed, that the pressure
gradient is constant from the crack to the groundwater table, the lower bound on
the pressure gradients becomes Ap/H ~ 5Pa/4m~ 1 Pa/m.

Figure 30 shows, that when the soil-gas permeability k in the matrix between
fractures is less than 10~~12 m2, fracturing of the soil increases the soil-gas entry
rate into the house relative to homogeneous soil with the permeability k. The figure
shows, that when fractures exist both under and outside the base of the house, the
soil-gas entry rate is higher (for k values less than 10~12 m2), than when fractures
only exist outside the base of the house. Finally the figure shows, that the soil-gas
entry rates into the house are not altered relative to the homogeneous case for
k > 10~12 m2. Inspection of table 18 and table 19 shows, that for k > 1(T12 m2,
the permeability k in the soil between fractures is equal to the effective perme-
ability fceff of the soil relative to the house. Together these observations illustrate
the (expected) result, that soil-gas entry rates into a house will be increased by
fractures in the soil, as long as the effective permeability of the fractured soil rel-
ative to the house is higher than the permeability in the matrix between fractures.

Inspection of table 18 and table 19 shows, that the actual radon entry rates Qc

in the two fractured cases can not be distinguished from the radon entry rates
Qc efj estimated from an EPM representation of the fractured sites. This is an
important result: One of the major questions in the present investigation is, if the
radon potential (or correspondingly the radon entry into a house, see p. 10) of
fractured soil is altered relative to the potential of homogeneous soil, when the
effective permeability is equal in the two cases (see the discussion presented in
Chapter 1). This is not the case in the specific soil/house configuration considered
in the present investigation.

Several limitations are connected to the present treatment of the large scale prob-
lem. E.g. the soil has been considered completely dry, only vertical fractures have
been included, only one value of the underpressure inside the house has been
tested, atmospheric pressure variations have been neglected etc. Implications of
some of the limitations are presented below.

It is suggested that increasing partial water saturation m of the soil may alter
the results of the simulations: Increasing TO leads to decreasing radon diffusion
length in the matrix. When the diffusion length becomes smaller than the distance
between fractures, a radon loss relative to the homogeneous case, due to decay,
may be expected. In the present case the diffusion length (table 16, p. 46) is higher
than the fractures spacing (table 15, p. 45).
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Moreover only vertical fractures, which have been cut off at the house walls, have
been employed in the simulations. This means that no direct flowroute through
fractures from the soil surface to the crack in the base of the house is present. Thus
radon in the matrix between fractures is to some degree removed by advection,
when soil gas moves from the soil surface towards the crack (figure 27 (a)). This
extra advective removal, besides diffusion, of radon from the matrix is suggested to
be one of the reasons, that the radon potentials are equal in the homogeneous and
fractured cases. The picture might be different if horizontal fractures or vertical
fractures, which are not cut off at the house walls, are present in the matrix. In
this case it is possible for soil gas to move from the soil surface to the crack in the
base of the house without passing through the matrix between fractures, and thus
the only source of removal of radon from the matrix is by diffusion. Depending on
the diffusion length in the matrix, it may be expected that the radon potential is
decreased relative to the case where only vertical fractures cut off at house walls
are present in the soil. Figure 27 (b) shows an illustration of transport in the case
where horizontal fractures are present in the soil.

Finally it is stressed that the presented results are purely theoretically, with no
physical basis other than realistic knowledge of soil and fracture geology.

li III

1 I t

n

\ 1 11

Figure 27. Illustration of the differences expected in the transport of soil-gas from
the soil surface towards a crack in the base of a house when (a) only vertical frac-
tures are present in the soil, and (b) vertical and horizontal fractures are present
in the soil.

Conclusion

The main conclusion is, that for the specific large scale problem in question, the soil
may be viewed as being homogeneous, with certain effective transport parameters,
even though it is in fact fractured. Thus the radon potential of the soil relative to
the house is not altered by the presence of fractures.
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4.5 Summary

The numerical model FRACTRAN has been presented. The Laplace transform
Galerkin solution scheme employed in the model has been outlined. A number of
verification exercises of the model have been presented, and it has been concluded
that the model is able to yield realistic predictions of soil-gas and radon transport
in fractured soil.

It is concluded that FRACTRAN is generally able to handle soil-gas and radon
transport problems, and the model is recommended as a supplement to existing
models of soil-gas and radon transport in soil, a supplement which is also an ex-
tension of existing EPM models in that respect, that the model includes fractures.
The model thus offers a basis for the investigation of the discrepancies between
existing models and field experiments.

A large scale simulation of soil-gas and radon entry into a house placed on dry
fractured soil has been presented as an application of the program. The simulation
yields the result, that the radon potential of soil relative to a house is not in general
altered by the presence of fractures.

Table 17. Calculated soil-gas and radon entry rates into the house in the homoge-
neous case.

k
m2

1Q-15
1Q-14
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10-n
lO-io
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m 3 o - l _ _ - l
m s m2.1 • 10- i °
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48040
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QcO
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1.0 10-5
1.0 10-4

1.0- 10~3

1.0 10-2
1.0 10-1
5.6-10-1

Table 18. Calculated soil-gas and radon entry rates into the house in the case
where fractures only exist outside the base of the house.
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Table 19. Calculated soil-gas and radon entry rates into the house in the case
where fractures exist both under and outside the base of the house.
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Figure 28. Soil gas entry rates into the house in the homogeneous case.
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Figure 29. Radon entry rates into the house in the homogeneous case.
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Figure 30. Soil gas entry rates into the house in the two fractured cases, normalized
by the soil-gas entry rates for the homogeneous case.
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5 Undisturbed soil column exper-
iments

This chapter is a presentation of the experiments carried out at the Geotechnical
Institute with an undisturbed cylindrical clayey-till sample. The sample contains
a net of preferential flow paths composed of root and worm holes. Several types
of transport experiments with radon and thoron have been carried out with the
column.

5.1 Geology, sampling and set-up of soil sample
Geology

The undisturbed soil column (USC) is 0.5 m high and 0.5 m in diameter. It has
been sampled in a 3.2 m deep excavation at Sandballegard, Grundf0r, 20 km NW
of Arhus in Denmark. The sampling has been carried out by the Geotechnical
Institute (GI) in Denmark, which has also performed a geological characterization
of the site. The geology of the site is clayey till containing local sand deposits. A
high density of biopores (root and worm holes) has been observed at the site (1 -
10 holes cm"2). The USC is identical to the sample described by J0rgensen [J095,
Chapter V].

Sampling

The USC was cut carefully from a terrace at the depth 2 - 2.5 m below the soil
surface. The sampling was performed by hand to minimize disturbances [J095].
While the USC was still connected to the subsoil, it was embedded firstly in a
rubber membrane of the same dimensions as the USC, and secondly in a steel
cylinder in order to stabilize the rubber membrane. Finally melted rubber was
poured into the thin space between the USC and rubber membrane. Before hard-
ening, the fluid rubber enters the outer few millimeters of the USC. The last step
was carried out in order to prevent bypass (flow along the boundaries of the USC)
during experiments.

After hardening of the fluid rubber, the USC was released carefully from the
subsoil. Each end of the USC has been protected with a stainless steel screen and
a stainless steel end plate.

Experimental set-up

In the laboratory the USC was installed in a pressure cell (figure 31, p. 57), where
the sample in the rubber membrane is surrounded by water. In the pressure cell,
the in situ pressure of the sample was maintained, i.e. the hydrostatic pressure
in the soil at the location of the sample at the sampling site. It was also possible
to maintain the in situ temperature of the USC in the pressure cell, but it was
chosen to keep the USC at room temperature to avoid condensation of water in the
flowing air during the experiments. The sample was connected to the surroundings
through 8 teflon tubes, 4 connected to the influent end and 4 connected to the
effluent end. The influent tubes were connected to a steel pedestal, on which the
USC was placed. Two stainless steel screens separated the USC from the pedestal.
The effluent tubes were connected to a steel lid which was placed on top of the
USC. Two stainless steel screens separated the lid from the USC. The aim of the
screens was to distribute influent and effluent air evenly over the cross sectional
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areas of the USC. Figure 32 shows photos of the USC installed in the pressure cell
before and after dismantling of the outer cap of the cell.

The USC in the pressure cell has been connected to the set-up described in
Chapter 3 (figure 5, p. 20). A photo of the set-up is presented in figure 33. The
differential manometer shown in figure 5 was exchanged with a corresponding one
with the range 0 - 2000 Pa 20.

5.2 Pre and post experimental procedures
The first part of this section presents a description of how the USC has been
drained before the radon and thoron experiments. The second part presents an
outline on how the fracture structure of the USC has been investigated, and how
the hydraulic conductivity, the total porosity and the radon emanation rate have
been measured for the USC after the radon and thoron experiments.

Drainage

Prior to the radon and thoron experiments, the USC has been utilized by the
Geotechnical Institute to investigate nitrate reduction in oxidized clayey till [J095,
Chapter V]. In connection with these experiments, the USC was completely water
saturated. Consequently the USC was drained prior to the radon and thoron exper-
iments by the following two steps: (i) Free drainage, (ii) Forced pump-controlled
drainage. Free drainage was carried out by opening all valves connecting the USC
to the surroundings. By this procedure, water was forced out of the USC by grav-
ity, and it must be expected that only pores and preferential flow paths connected
directly to the bottom of the USC was emptied. Forced drainage was carried out
by connecting the effluent end of the USC to a water trap and a suction pump,
and the influent end to a PVC-column (~ 1 m high and ~ 10 cm in diameter),
containing the air-drying agent Silicagel 21. Thus dry air was sucked through the
soil with a flowrate of approximately 1 L min"1. Forced drainage was continued
for approximately one month.

The total volume Vp of water drained from the USC was measured, in order to
determine the air porosity eQ just before the radon and thoron transport experi-
ments were started. During the forced drainage, the amount of water evaporated
from the watertrap by sucking the effluent air through it was not measured.

Investigation of fracture structure

A thorough inspection of the fracture structure in the USC was carried out, when
all experiments with the USC were finished. The USC was saturated with distil-
late water containing 0.01 M CaCb, corresponding to the natural pH of the soil,
then flushed with a dye tracer (Brilliant Blue FCF) 22, and finally drained and
dismantled from the experimental set-up. Preferential flow paths were observed
as a stained pattern. The USC was dismantled in 5 cm thick layers (ten layers
in all) perpendicular to the cylindrical axis. For each layer the fracture structure
was mapped by the following two methods: (i) Direct drawing of the structure on
plastic sheets placed on the cross sectional cut, and (ii) photographs of the cross
sectional cuts, and of terraces between two cross sectional layers.

20Furness Controll Limited, FCO44 manometer, 0 - 2000 Pa.
2198% SiO2l AI2O3, TiO2 and Fe2O3, Indicator: CoCl2.
"Brilliant Blue FCF, C.I. Acid Blue 9f, FDfcC Blue No.l, C.I. Food Blue 2. Sum formula:

C37H34N2Na2O9-S3
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Figure 31. Installation of the USC in the pressure cell [J096J
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Figure 32. The USC in the pressure cell before and after dismantling of the outer
cap of the cell.

Figure 33. Laboratory set-up of the USC. In the back is seen the pressure cell
containing the USC, and in the front is seen the N2 pressure cylinders, the data-
logging system, and the radon monitor (CRM).
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Hydraulic conductivity

The hydraulic conductivity of the USC was measured before the USC was flushed
with dye. The conductivity was measured by introducing a number of pressure
heads D.P. (cm water column), utilizing a Boyle Marriott bottle, over the USC,
while manually measuring the water flow Q (mL h"1) through the USC.

Porosity

The bulk porosity e of the USC have been measured by the Geotechnical Institute
by standard procedures. A porosity measurement was performed for each of the
ten layers cut from the USC during the investigation of the fracture structure.

Radon emanation and generation rate

The radon emanation rate E (atoms kg"1 s"1) of 10 different samples from the
USC (one from each layer cut out during the investigation of the fracture struc-
ture) has been measured at Ris0 National Laboratory. The measuring technique
employed is similar to the technique described in Chapter 3 (p. 15). The effective
emanation rate E of the USC has been estimated as the arithmetic average of
these measurements.

The radon generation rate G has has been estimated from E by formula 3 (p. 5).

5.3 Experimental procedures
This section outlines the procedures employed in the radon and thoron transport
experiments carried out with the USC. Experiments were carried out from March
to July 1996, and include measurements of the continuous water drainage from
the USC, permeability measurements, radon-I experiments (internally generated
radon used as tracer), radon-E experiments (externally applied radon used as
tracer) and thoron-E experiments (externally applied thoron used as tracer).

Water drainage

During the experimental period, continuous water drainage from the soil was ob-
served. The volume of water Vw drained from the USC was continuously monitored
and employed in a determination of the continuous increase in the air porosity ea

during the experimental period.

Permeability

During the experimental period, the effective air permeability of the USC was
measured every week. The permeability measurements were carried out by in-
troducing a series of air flows Q (m3 s"1) through the USC, while measuring
the corresponding pressure differences Ap (Pa) over the sample. Typically Q was
raised from ~ 50 mL min"1 to ~ 1100 mL min"1 in steps of ~ 110 mL min"1,
and subsequently decreased again to ~ 50 mL min"1, again in steps of ~ 110 mL
min"1. It was important to move from low to high flow rates, because hysteresis
was detected in some, although not all, permeability measurements. 'Hysteresis'
means, that the relationship between Q and Ap is linear up to a certain flow value
(typically 400 — 500 mL min"1), then Ap suddenly drops significantly, and subse-
quently the (Q, Ap) relationship is again linear, but with a lower slope. This will
be illustrated in the results-section.
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Radon-I experiments

The radon-I experiments include radon production rate measurements and buildup
& flush experiments:

Radon production rate: Natural production of radon in the soil contributes to
the radon concentration in the effluent air from the USC. This production
rate has been measured by flushing pure N2 through the USC at different
flow rates Q, while recording the radon concentration Cp in the effluent air.
The production rate measurements will be described by:

PE: The production rates of the USC calculated by PE = Q • Cp (Bq s"1).
In a totally homogeneous sample PE will be a constant and independent
of the flow rate.

PE/GT- GT is the total amount of radon released to the soil pores in the
USC per unit time, and is given by:

GT = (1 - e)VspgE\ = 4.0 • 10-3 Bq s"1 (64)

where V, is the bulk volume of the USC, pg = 2650 kg m~3 is the grain
density (pg has been reported by the GI), e the measured porosity (see
p. 64) and E the average measured emanation rate of the USC (see
p. 67). The ratios PE/GT are measures of the radon potential (p. 10) of
the USC.

Radon buildup & flush experiments: The procedure for these experiments
is equal to the procedure described in Chapter 3. A schematic drawing of the
procedure is presented in figure 7 (p. 22). The buildup & flush experiments
carried out with the USC will be described by the breakthrough time £&
(equation 40, p. 20), the total amount of radon flushed from the sample A
(equation 41, p. 21) and the flushing time tf (p. 21). In the calculation of tj,,
adsorption can be neglected, due to the large fractional water saturation of
the soil, and the retardation factor (p. 8) thus becomes R = (ea + Lew )/e.
The Ostwald coefficient L has been determined from the arithmetic mean of
the temperatures recorded by the datalogger every tenth minute during each
experiment. The radon buildup & flush experiments performed with the USC
will furthermore be characterized by the following two parameters:

c/: The initial concentration (Bq m~3) in the air-filled soil pores when the
flushing is started, c/ is determined by:

c; = g(l-e-^) (65)

where T is the time in which the USC has been sealed before flushing.
In the derivation of the expression for cj it is implicitly assumed that
the radon concentration in the air-filled pores is constant throughout
the USC, regardless of nature of the air-filled pores, i.e. if they are pores
in the matrix or if they are biopores. The c/ values will be employed in
model simulations of the experiments.

At: The total radon activity (Bq) present in the soil pores (air and water
filled) of the USC when the flushing is started. At is determined by:

At = ci0V. (66)

where V, is the bulk volume of the USC. A comparison between the At

values and the A values has been employed in a discussion of the radon
potential of the USC.
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Radon-E experiments

The radon-E experiments include radon tracer (continuous radon pulse) and radon
pulse (short radon pulse) experiments:

Radon tracer experiments: The procedure for the radon tracer experiments
is described in Chapter 3. A schematic drawing of the procedure is presented
in figure 6 (p. 21). The radon tracer experiments carried out with the USC
will be described by the breakthrough time tb (equation 40, p. 20), the rise
time r/ti, (p.20) and the equilibrium concentration {C/Co)eq (p. 20).

Radon pulse experiments: The procedure for the radon pulse experiments is:

1. The radium source 23 is flushed with aged N2 in order to bring the radon
concentration in the source down to approximately zero. Subsequently
the source is closed, and is kept closed for approximately 24 h, in which
time period a large radon concentration will accumulate in the source.

2. The USC is flushed with aged N2 at a known flowrate Q until the effluent
concentration reaches a minimum equilibrium value.

3. The source is opened and connected to the USC with the flowrate Q.

4. After 0.5 h, the source is bypassed, and aged N2 is flushed through the
USC, until the effluent concentration reaches a minimum equilibrium
value.

By this procedure a short radon pulse with a high concentration is flushed
through the USC. The following parameters will be used to characterize the
radon pulse experiments:

tb : The breakthrough time (equation 40, p. 20).

teq : The time at which equilibrium is reached in the effluent concentration.
teq will be normalized by tb + (0.5 h), as teq would be equal to tb +
(0.5 h), if the USC was completely homogeneous and diffusion could be
neglected.

Ai : The total activity Ai flushed from the source while it is connected to
the USC. A{ has been calculated by the formula:

/•1800 S

/ Q-ca(t,Q)dt (67)
Jo

where cs(t,Q) is the radon concentration in the effluent air from the
source. In Appendix A is given a derivation of the expression employed
forCi(t,Q).

Ae : The total radon activity measured in the effluent air from the USC
after the source is connected to the flow, until equilibrium is reached.
Ae has been calculated by the formula:

Ae = [ " Q • ce(t)dt (68)
Jo

with Q in units of m3 s"1, and ce(t) the measured concentration in the
effluent air from the USC.

Co : The mean radon concentration (Bq m~3) in the influent air to the USC
while the source is connected to the flow. This parameter is calculated
by:

/•1

= /
Jo

3 s~1with Q in units of m3 s
23Dry-powder Rn-222 source, Rn-1025-20 (23.4 kBq), Pylon Electronics Inc., Canada
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Thoron-E experiments

Only one type of thoron-E experiments has been performed, namely thoron tracer
experiments, the results of which will be employed in an estimation of the effective
(fracture) porosity ep of the USC.

Generally transport experiments, in which thoron is used as tracer, are more
difficult to handle than corresponding radon transport experiments, because of the
short half-life of thoron. The effluent thoron concentration from the USC measured
by the CRM, when an external thoron pulse is sent through the USC, is sensitive
to even small changes in tubes etc. connecting the USC to the source and to the
CRM. I.e. even a small change in the total tube length may change the measured
effluent concentration from the USC significantly, as a finite amount of throron
decays during transport through the tubes. It is thus very important not to change
any part of the set-up during the thoron transport experiments.

In connection with the thoron-tracer experiments, the CRM has been calibrated
with respect to the employed thorium-228 source, by the following procedure:

1. In the experimental set-up connected to the USC (figure 5, p. 20), the radium-
226 source is replaced by a similar thorium-228 source24.

2. The two tubes connecting the pressure cell to the set-up are released and
connected to each other. In this way, a direct flowroute is established from the
source to the CRM. This flowroute includes all flow-tubes in the experimental
set-up except the tubes inside the pressure cell.

3. Aged N2 at different flowrates is flushed through the system, while the a
activity Cj (counts s"1) of the thoron daughter Po-216 (ThA) in the CRM is
recorded, c; is proportional to the thoron activity in the influent air to the
CRM. ci is thus a measure of the response of the set-up, without the USC in
the pressure cell, to a thoron pulse.

It is important to notice, that d need not be a linear decreasing function of the
flow-rate Q, i.e. that the calibration constant for the CRM may be a function of
Q. The reason is, that at low flow rates a large amount of thoron will decay on the
way from the source to the instrument, due to the very short half-life of thoron.
This will counterbalance the fact, that the thoron concentration in the effluent air
from the source increases with decreasing flow rates.
The procedure employed in the thoron tracer experiments is:

1. The USC is connected to the set-up employed in the calibration of the USC
against the thorium-228 source (see above).

2. An air-flow rate Q (mL min"1) is chosen, at which a thoron pulse from the
thorium-228 source is to be flushed through the USC.

3. Before the thoron pulse from the source is flushed through the USC, the
thoron production rate of the sample at the flow rate Q is measured. This
is accomplished by bypassing the thoron source, and flushing the USC with
aged N2 at the flowrate Q, while the a activity C(, of the thoron daughter
Po-216 (ThA) in the effluent air from the USC is recorded with the CRM.
C6 is proportional to the effluent thoron activity from the USC, when the
thorium-228 source is not connected to the influent side of the sample.

4. Finally the thoron source is connected to the influent side of the USC, while
the air-flow rate is maintained at the value Q. The a activity c, (counts s"1)
of Po-216 (ThA) in the effluent air from the USC is recorded with the CRM.
c, is proportional to the effluent thoron activity from the USC, when the
thorium-228 source is connected to the influent side of the sample.

24 Dry-powder Rn-220 source, Th-1025-20 (~ 10 kBq), Pylon Electronics Inc., Canada.
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The following parameters will be used to characterize the thoron tracer experi-
ments:

72. : The response parameter, which is determined by:

n = ̂  (70)

H is the effluent thoron concentration c, from the USC during an influent
thoron pulse, correctedfor the natural thoron generation cj, in the USC and
normalized with respect to the influent thoron concentration Cj to the USC.
Ci will be determined by means of the calibration data, by linear calibration
between the two calibration measurements closest to the actual flow rate Q.

£F,max '• The maximum fracture porosity of the USC. The following equality
approximately describes the thoron loss caused by transport through the USC
and the tubes inside the pressure cell:

11 = e-
XThto + ED (71)

where ATA = 1.25 • 10~2 s"1 is the thoron decay constant, and t0 is the
transport time through the USC and the tubes inside the pressure cell. ED
is that fraction of the influent thoron concentration which is lost by diffusion
from preferential flow paths to the matrix, to may be determined from the
flow Q (m3 s"1) through the USC, and the effective (fracture) porosity tp by
the formula:

^ (72)

where Vt is the volume of the tubes and V, is bulk volume of the USC. When

equation 71 and equation 72 are combined, the following inequality results:

- ^ '-J^eF.max (73)

5.4 Soil parameters
This section presents a summary of the measured soil parameters. These comprise
the fracture structure, total porosity and air and water porosity of the bulk, frac-
tional water saturation of the pores, the permeability of the USC, and the radon
generation rate in the USC.

Fracture structure

The dismantling of the USC in 5 cm thick layers revealed, that the fracture struc-
ture was composed of biopores (root and worm holes). A connected net of root
holes extended from the top to the bottom of the USC, with 30 - 50 dyed (i.e.
visible) root holes per cross sectional area. Furthermore, a number of visible, but
not dyed holes were observed in each layer (1 — 10 holes cm"2). Thus a minimum
of ~ 40 root holes may be expected to extend from the top to the bottom of the
USC. These may be tortuous (i.e. be longer than the height of the USC), and fur-
thermore be connected to each other and to dead-end root holes (non-dyed, but
visible holes). One worm hole of diameter ~ 5 mm extended from ~ 3 cm above
the influent end, all the way to the base of the effluent end. Two more worm holes
of diameter ~ 5 mm extended halfway through the USC from the influent end to
about 25 cm below the effluent end. It is believed that none of the worm-holes
have been part of the system of preferential flow paths, as none of them went all
the way through the sample. A piece of rock of volume ~ 1 L was found at the
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base of the USC in the influent end. A sketch of the fracture structure of the USC
is shown in figure 34.

Photos taken during the dismantling of the USC are shown in figure 35 and 36.
The top photo in figure 35 shows a side view of the USC, after the outer rubber
membrane has been removed. No dye pattern was observed along the sides of
the sample, indicating that bypass (flow along the boundaries) had not occurred
during the experiments. The bottom photo in figure 35 shows a cross sectional
cut of the USC, 5 cm over the bottom of the sample. The dyed (blue) root holes
is clearly shown as stained spots. The top photo in figure 36 shows a terrace cut
out in the USC between 20 cm and 15 cm over the bottom of the sample. Dyed
(blue) lines in the terrace show preferential flow paths (root holes). The bottom
photo in figure 36 shows a terrace cut out in the USC between the bottom and
5 cm over the bottom.

The USC was only flushed with dye for approximately 2 h. Later observa-
tions [Ur98, He98] have indicated, that this may have been too short a time for
all preferential flow paths to be coloured. Thus more preferential flow paths than
those detected, may have been present in the USC.

Porosity

The arithmetic mean and experimental standard deviation of the mean of the ten
different measurements of the total porosity e are:

e = 0.331 ± 0.002(10)

No systematic variation in the porosity as a function of height in the USC was
observed, which indicates that the soil type was constant throughout the sample.

The total amount of water drained from the USC by free and forced drainage
was VD = 3.760 • 10~3 m3. The death volume uj of the set-up, i.e. the volume of
the eight tubes connecting the USC to the surroundings was vj. ~ 8.3 • 10~5 m3.
Thus the air porosity eQii of the USC, when the drainage was finished, was:

ea.4 = Y°_Z3L = 0.038

where V, = 7r(0.25 m)20.5 m is the bulk volume of the USC 25. During the radon
and thoron experiments the continuous increase in the air porosity was calculated
from the values of Vw (water continuously drained from the USC). The calculated
values are shown in figure 37, which shows that the air porosity increased from
~ 0.039 at day 114 (April 23. 1996) to ~ 0.042 at day 207 (July 25. 1996). The
arithmetic mean ea and experimental standard deviation of the mean of the values
shown in the figure are:

ea = 0.0400 ± 0.0001(37)

The corresponding water porosity is:

ew =e-ea = 0.291 ± 0.002

The uncertainty on ew has been calculated by error propagation from the uncer-
tainties on e and ea .

25The shown value of «o>)- probably underestimates the actual value, as the amount of water
evaporated from the water trap during the forced drainage was not measured. If it is assumed
that the air leaving the trap was 100% water saturated, the total amount of water evaporated was
~ 0.75 L (using a flovvrate of 1 L min"1, a time period of 30 days, and that totally water saturated
air contains 17.3 gr H2O m~3 at 20°C). When this is added to Vb, eOii becomes ~ 0.045. Seen
in retrospect, the evaporated fraction should have been taken into account in the calculation of
«o,i, but this was first realized, after the model calculations presented in Chapter 7 were finished.
It is believed, that the small discrepancy will not influence on the model calculations, as these
are more of a qualitative than of a quantitative nature.
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Figure 34- Sketch of the fracture structure of the USC.

Fractional water saturation

The fractional water saturation m of the USC can be calculated from the air
porosity ea and the porosity e:

m = 1 - — = 0.879 ± 0.001
e

The uncertainty on m has been determined from the uncertainties on e and ea by
error propagation.

Radon emanation and generation rate

The arithmetic mean and experimental standard deviation of the mean of the ten
measurements of the radon emanation rate of the USC are:

E = 10.95 ± 0.18(10) atoms kg"1 s"1

As for the porosity measurements, no systematic variation of E as a function of
height in the USC was observed, again indicating that the soil type was constant
throughout the sample.

The arithmetic mean and experimental standard deviation of the mean of the
gravimetric water contents of the ten soil samples during the emanation rate mea-
surements are W = (16.5 ±0.1(10))% mass of water per kg unit dry mass. A rough
calculation of the fractional water saturation m in the soil samples during the mea-
surements yields m ~ 0.884 (using m = (W(l -e)P«)/(ePHjO)' Ps ~ 2650 kg m~3

and pjj Q ~ 1000 kg m~3). As m ~ m (see p. 65), the emanation rate has been
measured for approximately the same fractional water saturation as in the USC
during the transport experiments.

The mean radon generation rate has been determined by:

G = -pgXE = 0.123 ± 0.002 Bq m - ' j " 1
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Figure 35. Top: Side view of the USC before dismantling in 5 cm layers. Bottom:
Cross sectional view of the USC 5 cm over the bottom of the sample.
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Fiffure 36. Top: Terrace cut out in the USC between 20 cm and 15 cm over the
bottom of the sample. Bottom: Terrace cut out in the USC between 5 cm and 0 cm
over the bottom of the sample.
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Figure 37. Air porosity ea of the USC.

with pg = 2650 kg m~3(the value of pg has been reported by the GI). The uncer-
tainty on G has been calculated by error propagation from the uncertainties on e
and E.

Air permeability

The air permeability of the USC was measured every week during the experimen-
tal period. In most measurements the (Q,Ap) values followed an approximately
straight line, as predicted by Darcy's law (equation 8, p. 6). But in four of the
measurements, strong hysteresis was observed. Figure 38 (p. 69) shows an exam-
ple of a measuring series with hysteresis. It is seen, that the (Q, Ap) relationship
follows an approximately straight line until Q reaches ~ 400 mL min"1. Then
Ap suddenly drops and from this point the (Q, Ap) relationship again follows a
straight line.

It has been observed, that most of the measured (Q, Ap) lines did not start
at (0,0), but cut through a finite positive Ap value at Q = 0 (see figure 38).
This 'zero-point error' could probably be caused by redistribution of water in
the soil, when the flow is turned on. The effective permeabilities of the USC are
calculated from the slope of the (Q, Ap) lines, i.e. no (0,0) point is added to the
measured series. The slope has been calculated by standard regression techniques
(Appendix D). In case of the measurements with hysteresis, the mean slope of
the two lines has been employed in the calculation of the effective permeability.
Figure 39 (p. 70) shows the permeability values k calculated for each measuring
series. The measurements with hysteresis are indicated by open circles around the
measuring points.

The effective permeability, and the uncertainty on this, have been estimated by
the weighted mean and standard deviation of the individual k values shown in
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figure 39:

= (1.34 ± 0.01) m2 (74)

4 0 0

3 0 0

2 0 0

100 — 1

Q (mL/min)
8 0 0 1200

Figure 38. Measurement of the permeability at day 159 (June 6, 1996). The num-
bers correspond to the chronological order in which the (Q,Ap) values have been
measured. Hysteresis is clearly observed.

Hydraulic permeability

The relationship between the induced pressure head difference D.P. and the mea-
sured water flow rates Q is shown in figure 40. It is observed that the measured
values do not follow a straight line, but rather a parabola with a small positive
curvature. This indicates deviations from Darcy's law, but since these seem small
(the curvature is not very pronounced) and since the key issue of the present work
is not water flow, no further attention has been paid to this problem.

The hydraulic permeability of the USC has been calculated as if the (D.P.,Q)
curve was linear, i.e. from the slope of the curve derived by standard linear re-
gression techniques [Be92]. The result is:

Ki = (3.30 ± 0.01) - l O ^ m s - 1

The uncertainty in Kx has been calculated by standard linear regression error
analysis ([Be92] and Appendix D) from the measured uncertainties on Q and
D.P..

The hydraulic permeability has also been determined by the GI in connection
with the nitrate-reduction experiments, i.e. before the radon and thoron transport
experiments. This measurement yielded the value:

K2 = 3.02 10"6 m s"1

which corresponds well with the K\ value.
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Figure 39. Air permeability of the USC. Open circles around the k values indicate
hysteresis. Uncertainties on the calculated permeabilities have been determined by
error propagation in the regression analysis from the uncertainties on the measured
Q values.

The permeability equivalent to the measured hydraulic permeability K\ is (equa-
tion 9, p. 7):

= (3.36 ± 0.01) • 10~13 m2

9 • PH,0

with /ijj Q = 1 • 10~3 P a s and pjj Q = 998 kg m~3. Comparison of fci and the
gas permeability keq (formula 74) shows, that hi is one order of magnitude lower
than the corresponding measured effective gas permeability fceff. This is surprising,
as fceff is intuitively expected to be less than fci, because fci is measured under
totally saturated conditions, while fce{j is only measured under partly saturated
conditions.

Generally it is an often observed phenomenon that permeabilities kg measured
by gas flow in gas-saturated soil are higher than permeabilities ki measured by
water flow in water-saturated soil for the same type of porous soil [We78, Na88]. In
the present case, the phenomenon is very pronounced as measured kg values would
be higher than the measured fcefj value, as this is only measured under partly
air-saturated conditions. One reason for this phenomenon may be the slip- or
Klinkenberg effect [Be72, We78], based on the assumption, that while the velocity
of the high density water is zero at pore walls, the velocity of the low density air
is different from zero at pore walls. Thus an additional air flux contributes to the
total air flow through the sample, which increases the measured air permeability.
Klinkenberg (1941) has derived the following expression for the gas permeability
in a glass capillary tube model [Be72]:

)
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where kg and ki are the permeabilities measured with gas flow respectively water
flow, I is the mean free path of the gas molecules at the mean absolute pressure p at
which kg is determined, and r is the radius of the capillary tube in the Klinkenberg
model. In the present investigation, the mean absolute pressure is p ~ 105 Pa.
At this pressure the mean free path of a gas molecule is I ~ 10~8 m [N088].
Thus with kg > ke^ (as kg must be measured under saturated conditions while
fcgfj- is measured under only partly saturated conditions) and ki = ki, the above
formula yields that r should be less than 10~8 m in order for the Klinkenberg
effect to be the explanation, that k^ is larger than k\. In Chapter 7 is shown,
that a model of the USC including ~ 100 vertical cylindrical channels of radius
~ 3 • 10~4 m yields a realistic picture of the transport properties of the USC. Thus
the Klinkenberg model alone is not able to explain the large difference between
fcefj and k\ in the present case. Other factors, which can influence on the difference
between measured air and water permeabilities are e.g. (i) structural changes in
the porous medium upon wetting, caused by swelling of clay minerals [We78], and
(ii) chemical interactions between soil grains and water which tend to retard the
water flow [Na88].

I"
£_
O

25OO

2000

15OO

1000

5 0 0

o

-

—

—

—

3 10

"r~"

D.P (err

r """" • '

-

^_

i i
20 30 4

i water-column)

Figure 40. Measurement of the hydraulic permeability of the USC. The pressure
head difference D.P.— 1 cm water column corresponds to 98 Pa.
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5.5 Results of radon and thoron experiments
This section is a presentation of the results of the radon-I and radon-E experi-
ments, and of the thoron-E experiments.

Radon-I experiments

Production rate: The values Cp of effluent radon concentration in the radon
production rate measurements with the USC are shown in table 20 (p. 79)
and in figure 41 (p. 81). The table furthermore shows the production rates
PE = QCP (Bq s - 1 ) . Figure 42 (p. 81) shows the ratios PE/GT

Buildup & flush experiments: Table 21 (p. 79) shows characteristic parame-
ters measured in the buildup & flush experiments.
The measured flushing profiles are shown in figure 43 (p. 82). The curves
show the ratio C{t)/ci between the effluent concentration from the USC and
the mean initial concentration, as a function of the ratio t/tt,.

Radon-E experiments

Tracer experiments: Figure 44 (p. 82) and figure 45 (p. 83) show the increase
and decrease of the breakthrough curves measured in the radon tracer ex-
periments. The figures show the ratio (C(t) — CP)/CQ between the effluent
concentration, corrected for natural radon generation of the USC, and the
influent concentration, as a function of t/tb. Table 22 (p. 79) shows charac-
teristic parameters measured in the radon tracer experiments.

Pulse experiment: Figure 46 (p. 83) shows the experimental results of the radon
pulse experiments. The figure shows the ratio C(t)/Co between the efflu-
ent concentration and the influent concentration, as a function of </(£(, +
(0.5 hour)). The curves have not been corrected for natural radon generation
Cp of the USC, as this is negligible relative to the high influent concentra-
tions. Table 23 (p. 80) shows characteristic parameters measured in the radon
pulse experiments.

Thoron-E experiments

Table 24 (p. 80) shows the results of the calibration of the set-up with respect to
the thoron source. It is clearly seen, that the calibration constant is a function of
the flow rate Q, i.e. that the response of the CRM to an influent pulse from the
thorium-228 source is not a linear decreasing function of Q.

Table 25 (p. 80) shows the results of the thoron tracer experiments, cj, is pro-
portional to the natural thoron generation of the USC at the air-flow rate Q. c*
and c, are proportional to the thoron concentration at the influent and effluent
side of the USC, when an external thoron pulse is sent through the sample with
the flow-rate Q. The Q values have been calculated for each value of Q from the
calibration data (table 24) by linear interpolation from the two measuring points
closest to the specific flow rate Q.

The response values TZ in table 25 have been calculated from C(,, c, and Ci by
formula 71, and the maximum fracture porosities have been estimated from 71 by
formula 73.

The data in table 25 is shown in chronological order, i.e. the first entry in the
table (Q = 52 mL min"1) is the first thoron measurement made, the second entry
(Q = 106 mL min"1) is the second thoron measurement made etc. Two values of
the response ca are listed at the fifth measurement (Q = 437 mL min"1), of which
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the second is significantly lower than the first (one-sided t-test with a 95% level of
significance). This reflects that a sharp decrease was observed (between day 190
and day 191, 1996) in the c, value during the measurement. Measurements follow-
ing the fifth measurements all had a lower response than measurements carried
out before the fifth measurement. This of course only concerns the measured c3

values. The measured ct, values, which reflect the natural thoron generation of the
USC, were not altered.

In figure 47 (p. 84) are shown the calculated 71 values as a function of flow. The
figure clearly shows the difference in the response of the system before and after
the decrease.

Notes on statistics

This section summarizes the statistics used in the determination of the parameters
listed in table 20 to table 25. A summary of the different techniques employed in
the determination of the parameters and the uncertainties are given in Appendix
D.

All listed Q values are arithmetic means of data recorded by the data-logger
every tenth minute. The uncertainties listed for the Q values are the uncertainties
due to incomplete precision of the correction of the flow values described in the
'Instrumental set-up' section in Chapter 3 (p. 18). The statistical variation between
the single recorded Q values are negligible relative to the systematic error.

The listed equilibrium concentrations (Cp in table 20, ci in table 24, and C(, and
cs in table 25), are all arithmetic means of equilibrium concentration recorded
by the CRM. Numbers in parenthesis after listed equilibrium values denote the
number of measurements used to determine the mean values and the uncertainties
on these. The uncertainty on Cp has been calculated by error propagation from
the uncertainty on the calibration of the CRM and the statistical fluctuation of
the counting number. The last has been determined as the experimental standard
deviation of the mean counting number by Poisson statistics. The uncertainties
on Ci, Cb and c3 are the experimental standard deviations of the means, calculated
by Poisson statistics.

The Ci values listed in table 25 (p. 80) have been determined by linear interpo-
lation from the calibration values listed in table 24. Uncertainties on the a values
(table 25) have been determined by error propagation from the calibration data.

The {C/Co)eq values (table 21) have been determined by the following proce-
dure: (i) Ceq is determined as the arithmetic mean of the equilibrium concentra-
tions recorded by the CRM every half hour or every hour, (ii) the Ceq value are
divided by the Co value. Uncertainties on the (C/Co)eq values have been deter-
mined by error propagation from the uncertainties on the Co values, uncertainties
in the calibration of the CRM, and statistical fluctuations in the measurement of
Ceq- The last of these has been determined as the experimental standard deviation
of the mean by Poisson statistics.

The uncertainties on all listed h values have been calculated by error propaga-
tion from the uncertainties on Q, R and e.

The uncertainties on r/tj, (table 22), on £//£(, (table 21) and on teq/(tf, + 0.5 h)
(table 23) have been calculated by error propagation from the uncertainties on £&
and the uncertainties connected to the determination of T, £/ and teq from the
recorded data (measured concentration as a function of time), in which the time
variable is discrete. The last uncertainty has been estimated by identifying the two
discrete times in the recorded data closest to r, tf and teq and then calculating
the arithmetic mean and standard deviation of these.

The uncertainties on A (table 21), Co (table 22) and on Ai and Ae (table 23)
have all been calculated by error propagation from the uncertainties on Q.
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The uncertainties on QCP in table 20 have been calculated by error propagation
from the uncertainties on Q and Cp.

The uncertainties on c; and At (table 21) have been calculated by error propa-
gation from the uncertainties on /? (not listed) and G. The uncertainties on A/At

(table 21) have been calculated by error propagation from the uncertainties on A
and At.

The uncertainties on C{ and 71 (table 25) have been determined by error prop-
agation.

5.6 Discussion
This section presents a discussion of the experimental results. The discussion in-
cludes the following subjects:

• Induced pressure gradients.

• Instability of soil-gas transport properties.

• Radon potential of the USC.

• Delay of radon transport through the USC.

• Effective (fracture) porosity.

The discussion of the radon potential of the USC has been divided in two separate
parts, one relating to the buildup & flush experiments, and one relating to the
production rate measurements.

Induced pressure gradients

Figure 38 shows that the pressure differences over the USC have been between
~ 50 Pa and ~ 400 Pa, and that the air flow through the soil is equal to zero for
pressure differences less than ~ 50 Pa. Thus the pressure gradients Ap/Az over
the sample have been between ~ 100 Pa m"1 and ~ 800 Pa m - 1 , and furthermore
it seems that USC is impermeable to gas flow when the pressure gradient is less
than ~ 100 Pa m"1. In the large scale simulation of radon entry into a house
presented in Chapter 4 (p. 43), the pressure gradients in the soil were of the order
1 Pa m"1, i.e. two orders of magnitude lower than the pressure gradients over the
USC. Thus the transport experiments performed with the USC represent extreme
situations relative to radon transport from soil into a house. It can not be ruled
out, however, that other things, such as atmospheric pressure variations, may
increase pressure gradients under houses towards the pressure gradients observed
during the USC experiments.

Instability

Comparison of the measured hydraulic conductivities of the USC before and after
the radon and thoron experiments {K^ and K\, p. 69) has shown, that these are
equal. From this it may be concluded, that the soil structure has not been altered
significantly during the radon and thoron transport experiments.

Contrary to this, it has been observed, both in the effective air permeability
fceff measurements and in the thoron tracer experiments, that the soil-gas trans-
port properties of the USC were unstable. The measured fcefj values have been
observed to vary by up to a factor two from week to week, with no systematic
time dependence (figure 39, p. 70). It is suggested, that the reason for the varia-
tion is continuous redistribution of water in the USC: Macropores are alternately
blocked and flushed of water droplets coming from the matrix. The decrease in
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the thoron response of the USC (figure 47, p. 84) is also evidence of the instability
of the soil-gas transport properties. It is suggested that the decrease is caused by
flushing of a new preferential flow path of water.

Finally hysteresis has been detected in a number of the individual air perme-
ability measurements (figure 38, p. 69). It is suggested that hysteresis is caused
by a barrier of water residing in a fracture, which is flushed out above a certain
pressure difference over the USC.

Radon potential I

Table 21 (p. 79) shows the ratios A/At between the total radon activity flushed
out of the USC in the buildup & flush experiments, and the total radon activity
available for transport in the soil pores, when the flushing is started. The A/At

values are measures of the radon potential (p. 10) of the USC in the buildup &
flush experiments. It is seen that the A/At values are all significantly less than 1,
except for Q — 51 mL min"1 (one-sided u-test with a 95% level of significance).
This means that a finite amount of the accumulated radon is lost during the
experiments for flow rates > 100 mL min"1.

If the USC was homogeneous, radon would be flushed from the sample by piston
flow 26, and thus the radon potential would be higher than e~xtb (table 21, p. 79),
which is equal to A/At in a homogeneous sample when all accumulated radon is
initially placed at the influent side of the column. Comparison of the A/At values
and the e~xtb values shows, that except for the low flushing rate Q ~ 50 mL min"1,
A/At are in all cases significantly less than e~xti (one-sided u-test with a 95% level
of significance). This difference can be caused by (i) leakage of radon out of the
USC during the buildup phase, e.g. through the rubber membrane surrounding
the sample, (ii) finite response time of the CRM, meaning that the initial radon
concentration leaving the USC is underestimated, and (iii) the observed net of
preferential flow paths in the USC, causing a delay in the flushing by slow radon
diffusion from the matrix out into the flow paths. As for (i), the radon leakage
of the USC, when it is sealed, has unfortunately not been measured. But as the
rubber membrane is surrounded by water, which has a very low radon diffusion
coefficient, a possible loss due to leakage must be small. As for (ii), all results
have been corrected for the finite response of the CRM, but the correction may
not very accurate for the first few measurements, where the radon concentration
leaving the USC is at its maximum. The flushing curves shown in figure 43 (p. 82)
does not start at a maximum value, but increase towards it, which is probably due
to the initial delay in the CRM. From the measured flushing curves it has been
estimated that the loss due to the finite response is at its maximum 5%.

The above discussion indicates that the contribution from (i) and (ii) to the
radon loss is ~ 5%. As the A/At values are between ~ 66% and ~ 89% of the

e-A«b v a i u e s values, the loss can not only be explained by experimental problems.
It is thus concluded that the radon potential of the USC is less than 1 in case of
the buildup & flush experiments.

That A/At is not significantly different from e~xib at Q ~ 50 mL min"1 indi-
cates, that the USC behaves more like a homogeneous system at low flow rates,
and thus at low pressure gradients over the soil. It is suggested, that at low pres-
sure gradients the residence time in the fractures becomes comparable with the
diffusion times in the matrix (vertical and horizontal), and thus the radon concen-
tration profile becomes approximately independent of the horizontal coordinate.
This suggests that at pressure gradients of the order of magnitude of gradients
induced in soil by a house (see above and Chapter 4), the radon potential of the

26Due to the large water saturation of the USC, diffusion may be neglected.
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USC is not altered by the presence of fractures.

Radon potential II

The effective radon production rate PE of the USC, i.e. the amount of radon
transported out of soil sample per unit time when a constant air flow is sent
through it, has been estimated in the production rate measurements as a function
of the air-flow rate Q. In a totally homogeneous sample PE would be independent
ofQ.

The total amount of radon released to the pores per unit time GT = 4.0 • 10~3

Bq s"1 is estimated in equation 64 (p. 60). The ratio PE/GT is a measure of the
radon potential (p. 10) of the USC.

The PE/GT values are shown in figure 42 (p. 81). It is seen that for Q < 600-mL
min"1

 PE/GT ~ 1. i-e. the radon potential of the USC ~ 1. The arithmetic
mean and experimental standard deviation of the mean of the PE/GT values are
1.02 ± 0.02 for Q < 600 mL min"1.

For Q > 600 mL min"1 the figure shows, that the radon potential is generally
less than one, and decreasing for increasing flow-rates. But as only few measuring
points are found for Q > 600 mL min"1, and as one point (Q ~ 1100 mL min"1)
diverges from the general trend, this result is questionable, and should be re-
checked.

The fact, that the radon potential estimated from the production rate mea-
surements is generally close to one, is an important result. The production rate
measurements resembles the physical situation, where soil-gas carrying continu-
ously produced radon is driven through soil and into a house by pressure gradients
induced by the house. The fact, that the radon potential for these kinds of ex-
periments seems unaffected by the presence of fracture indicates, that the radon
potential of soil relative to a house may be unaffected by the presence of frac-
tures. A further discussion of this subject is found in Chapter 7, where the USC
experiments are investigated with model calculations.

It is observed that the radon potential differs for the buildup & flush (see p. 75)
and the production rate experiments. This is assumed to be due to the different
nature of the two kinds of experiments. In the buildup & flush experiments a very
large radon concentration is initially present in the soil, and thus small reductions
in the potential due to diffusive exchange between fractures and matrix may be de-
tectable. Furthermore the buildup & flush experiments may be affected by leakage
and by the finite response time of the CRM. In the production rate measurements,
the radon concentration in the soil is in equilibrium, and thus small reductions
in the potential may not be detected. Radon leakage and the finite response of
the CRM can be neglected in this case, as it is an equilibrium situation. It must
thus be concluded that the production rate measurements give the most realistic
estimate of the radon potential of the USC.

Delay

If the USC was completely homogeneous and if diffusion could be neglected, the
following behavior should be expected:

(i) tf = tb in the radon buildup & flush experiments, where tf is the measured
time it takes to flush the sample (p. 21) and tb is the calculated breakthrough
time (p. 20).

(ii) r = tb in the radon tracer experiments, where r is the measured rise time
(p. 20), i.e. the time it takes the breakthrough curves to reach 50% of its
equilibrium value.
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(iii) teq = £6+0.5 (hour) in the radon pulse experiments, where teq is the measured
time it takes for the radon pulse to be flushed completely from the sample
(p. 61).

In a homogeneous sample, deviations from these expectations are due only to
diffusion. In a fractured sample deviations may be due both to diffusion and to
radon exchange between fractures and matrix.

In the radon buildup & flush experiments it is observed that tf is ~ 4 times
larger than t\, (table 21, p. 79). Correspondingly it is observed in the radon pulse
experiments, that teg is between ~ 5 and ~ 11 times larger than tb + (0.5 h)
(table 23, p. 80). The reason is probably radon exchange between fractures and
matrix: In the buildup & flush experiments, radon first moves by diffusion from
the matrix out into the fractures, before it is removed from the USC by advec-
tion. Thus tf is increased relative to the homogeneous case. In the radon pulse
experiments, radon diffuses into the matrix during the time the pulse is turned
on, and subsequently diffuses back into the fractures when the pulse is turned off,
before it is removed by advection from the USC. Thus teq is increased relative to
the homogeneous case.

In the radon tracer experiments, r is not significantly different (one-sided u-test
with a 95% level of significance) from tb (table 22, p. 79), but an early breakthrough
(-C t^ of the measured breakthrough curves is observed, together with the slow
increase (delay) towards (C/Co)eq (figure 44, p. 82). These two observations are
both characteristic of fracture flow: Fast transport in fractures results in the early
initial breakthrough, and exchange between fractures and matrix results in the
slow increase.

Fracture porosity

The maximum fracture porosity eF.max has been estimated in the thoron tracer
experiments (table 25, p. 80). It is observed that eF,max increases towards the air
porosity ea for increasing soil-gas flow rates through the soil. The reason for this
may be, that at low flow rates more channels are blocked by water droplets, which
will be flushed out at higher pressure differences over the USC. This corresponds
with the observation, that the air-flow rate through the USC is approximately zero
for pressure differences less than ~ 50 Pa (see figure 38, p. 69), which indicates
that water blocks almost all preferential flow paths for small flow-rates.

It is observed that ep^max is not significantly different from ea for flowrates
higher than ~ 500 mL min"1 after the structural shift in the thoron tracer ex-
periments (one-sided u-test with a 95% level of significance). Furthermore it is
observed that €F,max differ by a maximum of ~ 30% from ea for flowrates less
than 500 mL min"1. Even though e f i m a I is therefore rather close to eo after the
structural shift, this does not indicate that all air filled pores in the USC are part
of the fracture system: CF,max is only a maximum estimate of the fracture porosity.
In the radon buildup & flush experiments and in the radon pulse experiments, dif-
fusive exchange between fractures and matrix has been observed. This effect must
also be expected in the thoron tracer experiments, and will decrease the actual
fracture porosity below the maximum value.

Before the structural shift in the thoron tracer measurements, it is observed
that eF,max < 50% of ea . This probably means that only a small fraction of the
air-filled pores is part of the fracture system before the shift.
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5.7 Summary and conclusions
The following conclusions are drawn from the experimental results:

• A very important result is, that the radon potential of the USC is ~ 1 for
the production rate measurements. These kind of measurements resemble the
physical case, where soil gas carrying continuously produced radon is driven
through soil and into a house by pressure gradients induced by the house.
The result indicates, that the radon potential of soil relative to a house may
be unaffected by the presence of fractures.

• For the buildup & flush experiments, the radon potential of the USC is be-
tween ~ 66% and ~ 89% of the potential expected for a homogeneous sample.
The loss can be caused by decay during the slow diffusive exchange of radon
between matrix and fractures, by experimental problems, or by a combination
of both.

• The presence of preferential flow paths (root holes) clearly delays transport
of radon through the USC.

• At low pressure gradients (~ 100 Pa m"1) the USC tends to behave as a
homogeneous sample.

• While the soil structure of the USC has been stable during the radon and
thoron experiments, the soil-gas transport properties have been unstable,
probably due to continuous redistribution of water between matrix and frac-
tures.

• The fracture porosity of the USC is expected to be less than 50% of the air
porosity.

In all it can be concluded, that even though radon transport through the USC is
clearly affected by the presence of the preferential flow paths, the radon potential
of the sample seem not affected by the preferential flow paths, when the pressure
and air-flow conditions prevailing in the sample is comparable to the conditions
in soil under a house.

Finally it is emphasized that a set of data representing characteristic soil pa-
rameters (porosity, permeability and radon generation rate) of clayey till has been
obtained.
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Table 20. Results of radon production rate measurements. Cp is the effluent radon
concentration from the USC, and PE — Q • Cp is the production rate (with Q in
units of m3 s-1). The numbers in the parenthesis denote the number of degrees of
freedom (see Appendix D).

Q
mL min~
51( 76)
52(105)
53( 90)

106( 40)
107( 37)
108( 77)
218(151)
328( 91)
332(118)

I

±
±
±
±
±
±
±
±
±

6
6
6
6
6
6
6
6
6

Cp

Bq m
4847 ±
4457 ±
4547 ±
2418 ±
2766 ±
2268 ±
1212 ±
712 ±
707 ±

3

41(29)
38(15)
40(13)
23(15)
27( 9)
20(24)
11(47)
7(32)
7(38)

Q •C

io-3

4
3
4
4
4
4
4

1±
8±
0±
3±
9±
1±
4±

3.9 ±
3 9±

P

Bqs" 1

0.5
0.4
0.5
0.2
0.3
0.2
0.1
0.1
0.1

Q
mL min"1

431(119)
541(
654(
659(
820(

63)
91)
92)
96)

878(124)
1076(
1093(

16)
18)

±
±
±
±
±
±
±
±

6
6
6
6
6
6
6
6

Cp

Bqm"
520 ±
411 ±
411 ±
342 ±
238 ±
170 ±
306 ±
25 ±

-3

6(37)
5(58)
5(28)
4(29)
4(85)
2(37)
8(14)
7(15)

QC
io-3

3.7 ±
3.7 ±
4.5 ±
3.8 ±
3.2 ±
2.5 ±
5.5 ±
0.5 ±

p

B q s - 1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Table 21. Results of buildup & flush experiments carried out with the USC. The
numbers in the parenthesis denote the number of degrees of freedom (see Appendix
D).

Q
mL min"1

T
h

A
Bq

At
Bq

A/At

105 Bq m"

51(105)
105(138)
217(159)
269( 40)
329(143)
543(140)

±
±
±
±
±
±

6
6
6
6
6
6

123
163
186
115

95
236

3.54
1.73
0.79
0.69
0.56
0.33

±
±
±
±
±
±

0.47
0.15
0.06
0.25
0.04
0.02

4.5
4.0
6.3
4.3
4.5
4.5

±
±
±
±
±
±

0.7
0.7
1.3
2.1
1.8
3.0

0.97
0.99
0.99
0.99
1.00
1.00

986 ±
1004 ±
1004 ±
850 ±
802 ±

1048 ±

111
41
20
13
11
9

1151 ±
1349 ±
1437 ±
1103 ±
978 ±

1584 ±

111
131
143
104

97
155

0.86
0.74
0.70
0.77
0.81
0.66

±
±
±
±
±
±

0.13
0.08
0.07
0.07
0.08
0.06

1.05
1.24
1.40
0.99
0.88
1.46

±0.08
±0.10
±0.11
±0.08
±0.07
±0.12

Table 22. Characteristic parameters of the radon tracer experiments carried out
with the USC. In the calculation of the (C/Co)eq values, C has been for the natural
radon generation of the USC. The numbers in the parenthesis denote the number
of degrees of freedom (see Appendix D).

Q
mL min~
52(156)

106(238)
269(141)
546(143)
825(141)

-l

± 6
± 6
± 6
± 6
± 6

Co
Bqm" 3

56362 ±
27888 ±
10940 ±
5394 ±
3569 ±

6497
1588

246
62
26

{C/C0)e,
-

0.93(10)
0.98(17)
1.02(22)
0.97(28)
0.98(17)

±
±
±
±
±

0.11
0.06
0.03
0.02
0.22

h
h

3.39 ±
1.72 ±
0.68 ±
0.33 ±
0.21 ±

0.47
0.13
0.04
0.02
0.01

T/t

-

1.1
1.2
0.7
0.8
0.6

b

±
±
±
±
±

0.2
0.2
1.0
1.1
0.9
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Table 23. Characteristic parameters of the radon pulse experiments carried out
with the USC. The numbers in the parenthesis denote the number of degrees of
freedom (see Appendix D).

Q
mL min"1

52(426)±
106(145)±
268(149)±
541(134)±
820(143)±

6
6
6
6
7

h
h
3.62 ± 0.48
1.76 ±0.15
0.67 ± 0.05
0.33 ± 0.02
0.21 ± 0.02

«e,/(*6
-

11.0 ±
8.2 ±

10.4 ±
7.1 ±
5.8 ±

+ 0.5 h))

1.6
0.8
0.9
0.8
0.9

Ai
Bq
13730 ±
4075 ±

14270 ±
3712 ±
3575 ±

1597
230
327

42
30

Ae

Bq
11829 ±
3788 ±

13457 ±
3523 ±
3111 ±

1376
214
308

40
26

Co
106 Bq m - 3

8.85 ± 1.45
1.28 ±0.10
1.78 ±0.57
0.23 ± 0.04
0.15 ±0.02

Table 24- Results of the calibration of the set-up with respect to the thoron source.
The numbers in the parenthesis denote the number of degrees of freedom (see
Appendix D).

Q
mL min"1

52(
107(

12)
17)

218(108)
442(
665(
888(

1104(

12)
12)
12)

2)

±
±
±
±
±
±
±

6
6
6
6
6
6
6

counts s"
38.56 ±

149.33 ±
265.11 ±
303.55 ±
285.91 ±
259.82 ±
236.72 ±

- l

0.08(21)
0.00(20)
0.06(35)
0.21(22)
0.21(21)
0.20(21)
0.19(22)

Table 25. Results of thoron tracer experiments. Cb is proportional to the natural
thoron generation of the USC at the flow rate Q. Ci is proportional to the influent
thoron activity to the USC, and c, is proportional to the effluent thoron activity of
the USC, when a constant thoron pulse is sent through the sample. The vertical line
indicates the drop in the thoron response of the system (see p. 72). It is observed
that the response 1Z has been set equal to ~ 0 in some of the measurements. This
is for the low flowrates, where c, and ct, can not be distinguished. In these cases it
has no meaning to try to estimate CF.max • The numbers in the parenthesis denote
the number of degrees of freedom (see Appendix D).

Q
mL min~

52( 29)
106(151)
215(245)
328(163)
437(144)

551(106)
660(143)
768(144)
867(287)
325(327)
214(144)
443(133)
556(145)

80

I

±
±
±
±
±

±
±
±

6
6
6
6
6

6
6
6

± 6
±
±
±
±

6
6
6
6

Cb

counts s
0.117
0.374
0.958
1.385
1.796

2.363

±
±
±
±
±

±
2.737 ±
3.013
3.323
1.450
0.902
2.130
2.549

±
±
±
±
±
±

, - i

0.004(
0.002(
0.004(

20)
36)
42)

0.004(136)
0.011(

0.012(
0.012(
0.013(
0.015(
0.009(
0.008(
0.012(
0.013(

27)

27)
30)
28)
25)
29)
26)
34)
38)

C,

counts s"
0.099 ±
0.363 ±
1.001 ±
8.483 ±

12.065 ±
3.402 ±
5.305 ±
7.383 ±
9.592 ±

- l

0.004(23)
0.004(37)
0.004(37)
0.031(15)
0.016(28)
0.016( 7)
0.011(24)
0.011(35)
0.012(36)

11.669 ±0.013(36)
31.931 ±
0.920 ±
3.662 ±
5.683 ±

0.008(18)
0.004(38)
0.008(23)
0.009(24)

Ci

counts s"
38.56 ±
147.32 ±
253.22 ±
283.96 ±
302.66 ±

294.94 ±
286.33 ±
273.78 ±
262.18 ±
283.50 ±
260.77 ±
303.47 ±
294.50 ±

•l

0.08
2.64
0.62
1.63
2.05

0.81
1.03
1.14
1.40
1.64

12.50
0.72
0.81

n
io-2

~o
~ 0
~ 0
2.50
3.39
0.53
1.00
1.62
2.40
3.18

i

±0.03
±0.04
±0.04
±0.04
±0.04
±0.04
±0.04

0.17 ±0.03
~ 0
0.50 ± 0.03
1.06 ±0.04
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-
-
-
0.016
0.019

±
±

0.030 ±
0.034
0.036
0.038
0.040

±
±
±
±

0.027 ±
-
0.031
0.034

±
±

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.005
0.005
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Figure 41- Effluent radon concentration in the radon production rate measurements
with the USC.
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Figure 42. The radon potential PE/GT of the USC, calculated from the results of
the radon production rate measurements.
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Figure 43. Results of buildup & flush experiments for the USC.
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Figure 44- Breakthrough curves for radon tracer experiments with USC.
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Figure 45. Flushing curves for radon tracer experiments with the USC.
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Figure 46. Results of radon pulse experiments with the USC.
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Figure 47. Response 72. of the thoron experiments.
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6 The pinhole model

This chapter is a presentation of an analytic model of steady state soil gas and
time dependent radon or thoron transport in a cylindrical soil column containing
one cylindrical fracture (pinhole) parallel to the axis. The model includes advec-
tive radon transport in the fracture and horizontal radon diffusion in the matrix
surrounding the fracture.

The set of continuity equations, describing the transport problem is outlined.
The equations are transformed to Laplace space (inverse time space), and an
analytic solution of the transformed set of equations is deduced. Inverse transfor-
mation back to the time-space is carried out by numerical inverse Laplace trans-
formation.

A similar problem is presented in [Su82], where a rectangular soil matrix cut
through by a parallel plate fracture is considered. The Laplace space solution
is in this case transformed back to the time space by analytic inverse Laplace
transformation. A source term is not considered in the mentioned problem.

The purpose of the model is to be able to perform a theoretical interpretation
of the experiments performed on the undisturbed soil column (USC) presented in
Chapter 5. The present chapter is an outline of the development of the model, and
Chapter 7 presents a comparison between model calculations and experimental
results.

6.1 The physical system
A cylindrical soil matrix of radius R and height ZQ is considered. The matrix is
cut through by a cylindrical hollow fracture (in the following named pinhole) of
radius ro along the central axis. The pinhole extends from the top to the bottom
of the soil matrix. The following assumptions are made about soil gas and radon
transport through the system:

• The radon concentration in the soil matrix and the pinhole is axial symmetric,
i.e. only two coordinates are needed to describe the problem, namely the radial
coordinate r and the vertical coordinate z.

• The radon concentration in the pinhole is assumed to be independent of the
radial coordinate r due to a large diffusion length.

• The air permeability of the soil is assumed to be so low, that advection in the
soil matrix may be neglected.

• The diffusion length of radon and thoron in the soil matrix is assumed to be
so low that vertical diffusion in the soil may be neglected.

By these assumptions, it is possible to represent the problem as two coupled one-
dimensional transport problems: Firstly vertical advection and diffusion in the
pinhole, and secondly horizontal diffusion in the matrix surrounding the pinhole.
The problems are coupled through horizontal diffusion across the matrix-pinhole
interface.

The corresponding homogeneous problem will also be solved. In this case the
pinhole is left out, and only one continuity equation appears. In this case the
following assumptions are made:

• The influent soil gas is evenly distributed over the base of the cylindrical
matrix, and thus the soil-gas flow through the matrix may be considered
one-dimensional and parallel with the central axis.
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• The radon concentration in the soil matrix is both axial symmetric and in-
dependent of the radial coordinate r. The radon concentration is thus only a
function of the vertical coordinate z.

Soil gas and radon transport in the homogeneous soil matrix may, on basis of
the listed assumptions, be described by a one-dimensional continuity equation,
including vertical advection and diffusion.

6.2 Governing equations
The pinhole model

The general continuity equation for radon transport in a soil matrix is given by
equation 20 (p. 8). When the assumptions listed in the previous section is taken
into account this equation reduces to:

8t ~ p X°m + (3rdr\r Or ) ( 7 5 )

where cm = cm (r,z,t) is the radon concentration in the air-filled pores of the
soil matrix. The remaining parameters are described in Chapter 2. The general
continuity equation for radon transport in a fracture is given by equation 28 (p. 9).
In the special case of a cylindrical pinhole, with the assumptions listed above taken
into account, the equation obtains the form:

dcf _ q dc} D, d2cf 2D dccm
of-Acf 7 * 7 1 7 + R} dz* +RJVO dr |r=ro {7b)

where c/ = c/ (z,t) is the radon concentration in the pinhole and q is the soil-gas
velocity in the pinhole, given by equation 27 (p. 9). The last term on the right-
hand side represents the diffusive radon exchange between the soil matrix and the
pinhole. The following set of boundary and initial conditions will be employed:

cm \t=o= cf | i = 0 = cj (77)

qcf \z=o=q-co(t) + Df ~ - \z=0 (78)

|z=Jo=0 (80)
dz xz-za

cm(r0,z,t) = cf(z,t) (81)

Equation 77 is the initial condition, describing the radon concentration in the
soil and pinhole at the beginning of an experiment. It is assumed that the initial
radon concentration is constant throughout the soil and the pinholes. Equation 78
describes mass balance between influent radon concentration co(t) and diffusion at
the bottom boundary. Equation 79 describes the zero flux condition at the outer
boundary (r = R) of the cylindrical column. Equation 80 is a zero diffusive flux
condition at the top (z = z0) of the column, based on the assumption that diffusion
out of the pinholes is negligible relative to advection. Equation 81 describes radon
concentration continuity at the matrix-pinhole interface.

The homogeneous model

As for the pinhole model, the general continuity equation for radon transport in
the soil matrix is given by equation 20 (p. 8). When the assumptions listed in the
previous section are taken into account, this equation reduces to:

dca _eG qdca D 5 c o
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where cQ = ca (z, t) is the radon concentration in the air-filled pores of the soil
matrix. The following set of boundary and initial conditions are assumed:

co |t=o= c7 (83)

j-^-\z=o (84)

l . - o = 0 (85)

where equation 83 describes the initial concentration in the homogeneous ma-
trix, equation 84 describes the mass balance at the bottom of the matrix, and
equation 85 describes the no-diffusive assumption at the top of the matrix. The
assumptions connected to equation 83 and equation 85 are equal to the assump-
tions connected to equation 77 and equation 80.

6.3 Solution scheme
The mathematical procedures and the formulas representing the solutions of the
pinhole and homogeneous problem are presented in Appendix B. Below is given
a short summary of the solution schemes employed.The pinhole and the homoge-
neous model have been solved in both the steady-state case (dc/dt = 0) and in
the time-dependent case. Thus four solution schemes are presented:

• Steady-state solution of the homogeneous model.

• Time-dependent solution of the homogeneous model.

• Steady-state solution of the pinhole model.

• Time-dependent solution of the pinhole model.

Steady-state homogeneous model

When the time-derivative on the left-hand side of equation 82 is set equal to zero,
this equation reduces to a linear inhomogeneous second order differential equa-
tion, the general solution of which may be found in any standard mathematical
handbook ([Sp68] formula: 18.8). The general solution contains two unknown pa-
rameters, which are found by means of the boundary conditions 84 and 85. The
final solution will be denoted

co,.(2) = ca,.(z,m,Q) (86)

where it is stressed that the solution is a function of the partial water saturation
m (which determines the parameters (3 and D) and the air flow Q.

Steady-state pinhole model

When the time derivatives on the left-hand sides of equation 75 and 76 are set
equal to zero, the resulting set of equations is solved in two steps: Firstly the
total solution of the matrix equation cm<a is deduced, and secondly the pinhole
equation, in which the the solution cm,j is employed, is solved: When the steady-
state matrix equation is inspected, it is recognized as an inhomogeneous modified
Bessel's differential equation, which is solved in two steps: Firstly one specific so-
lution c!

m a of the inhomogeneous equation is determined, and secondly the general
solution c^ of the homogeneous equation (where the inhomogeneous term eG//3
is left out) is determined by means of ordinary theory for the modified Bessel's
equation ([Sp68] formula: 24.31 and 24.43). The total solution of the steady-state
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matrix equation is then cm,, = c£,, + c " ( . This solution contains two unknown
constants, which are determined by means of the boundary conditions 79 and 81.

When cm,a is employed in the steady-state pinhole equation, this reduces to a
linear, inhomogeneous second order differential equation in the steady-state pin-
hole concentration field c/iS. The equation is solved by ordinary techniques ([Sp68]
formula 18.8) and the two unknown constants are determined by means of the
boundary conditions 78 and 80. The total solution of the problem will be denoted

cm,, (r,z) = cm,s(r,z,m,Q) cf,3 (z) = C/,a (z,m,Q) (87)

Time-dependent homogeneous equation

In this case, equation 82 is a partial differential equation in the variables t and r.
The first step in the solution of this equation is to apply the Laplace transformation
operator C to the set of equations 82 to 85. By this procedure, the time derivative
on the left-hand side of equation 82 is replaced by a term which is linear in ca. Thus
the equation reduces to a linear inhomogeneous second order differential equation,
which is solved as in the steady-state case. Inverse Laplace transformation of the
resulting solution is carried out numerically. The total solution of the problem will
be denoted:

ca(z,t) = ca(z,t,m,Q) (88)

Time dependent pinhole equation

In this case the equations 75 and 76 are partial differential equations in the vari-
ables t and r. As in the time dependent homogeneous case, Laplace transformation
is applied to the set of equations 75 to 81 in order to replace time derivatives with
linear terms in the concentration fields cm and c/ . Thus the two continuity equa-
tions are reduced to an inhomogeneous modified Bessel's equation and a linear,
inhomogeneous second order equation, as in the steady-state case. This set of
equations is solved as in the steady-state case. Inverse Laplace transformation of
the resulting solution is not carried out analytically, but numerically. The total
solution of the problem will be denoted:

ca(r,z,t)=ca{r,z,t,m,Q) cf(z,t) = cf{z,t,m,Q) (89)

6.4 Verification
Two verification exercises have been carried out, to test (i) if the equations stating
the analytic problems are correctly formulated, and (ii) if the employed solution
schemes and numerical inverse Laplace transformation works satisfactory.

Comparison with sand column experiments

The first verification exercise includes a comparison between the time-dependent
homogeneous model and results of the experiments performed with the homoge-
neous sand column described in Chapter 3.

Experimental results: Two sand column experiments have been selected for the
comparison, namely the radon-E tracer experiments Tr/.i and Tr/,2 carried
out with the homogeneous sand column, described in chapter 3. Parameters
characterizing the experiments are shown in table 7 (p. 25). The experimental
results are shown in figure 8 (p. 26) and table 8 (p. 25).
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Model setup: The analytic time dependent homogeneous model described in
equation 82 to 85 will be compared with the two tracer experiments. The
Laplace space solution of the model is presented in equation B.141 to B.145
in Appendix B (p. 138). Input parameters to the model are taken from table 5
(p. 16). The radius and height of the model column is set equal to R =
0.15 m and z0 = 1.4 m, as for the real column. The Darcy velocity q is
calculated from the flowrates Q given in table 7 by the formula q = Q/A,
where A = n • (0.15 m)2 is the cross sectional area of the sand column. The
initial concentration c/ is set equal to zero. The model calculations have been
corrected for delay caused by mixing of the influent pulse co(t) in the bottom
cavity and mixing of the effluent concentration ca(t) in the top cavity. The
model has been implemented in Mathematica 27.

Comparison: The effluent concentration has been calculated for the two sets
of parameters describing the tracer experiments Tr/,i and Tr/i2. Figure 48
shows measured and calculated breakthrough curves, normalized by the in-
fluent concentration Co- Table 26 shows measured and calculated values of
{C/Co)eq and r. In the table, parameters with a 'tilde' (e.g. C) are calculated
results. The figure shows, that there is only little difference between the an-
alytic and experimental breakthrough curves. The table shows, that neither
f nor {C/Co)eq are significantly different from the corresponding measured
parameters (two-sided u-test with a 95% level of significance). This indicates,
that both the formulation and the solution of the analytic time dependent
homogeneous model are correct. The smooth and non-oscillating form of the
calculated breakthrough curves furthermore shows, that the scheme utilized
for the numerical inverse Laplace transformation yields accurate results.

Table 26. Comparison between analytic time dependent homogeneous model, and
tracer experiments carried out with the homogeneous sand column. Parameters
with a 'tilde' (e.g. C) are calculated results. The uncertainties on (C/Co)eq have
been estimated from the uncertainties on the tt values by error propagation of the
approximate formula (C/Co)eq = exp(-Mb) (h being the breakthrough time.)

f T (C/CoU (C/C0)e,
h h

TV/,! 14 14.6 ±0.7 0.93 ±0.05 0.94 ±0.05
Tr/,2 32 31.1 ± 1.4 0.85 ±0.10 0.80 ±0.09

Comparison with FRACTRAN

This section presents a comparison between the analytic solution scheme employed
in the pinhole model and calculations carried out with the numerical model FRAC-
TRAN (Chapter 4). The problem considered treats soil gas and radon transport
in homogeneous partly saturated soil, containing one parallel plate fracture. As
cylindrical coordinates are employed in the pinhole model (equation 75 and 76),
a corresponding problem has been set up in rectangular coordinates. The solu-
tion scheme employed in the solution of this rectangular problem is similar to the
scheme employed in the solution of the pinhole problem (Appendix B).

The verification exercise works two ways: Firstly the numerical model FRAC-
TRAN described in Chapter 4 is tested by comparison with the analytic model.
Secondly the solution scheme and the method employed in the numerical inverse
Laplace transformation of the pinhole model are tested by comparison with FRAC-

27Wolfram Mathematica 2.0, Enhanced version for Microsoft Windows.
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Tr(l,1). Exact solution

Tr<l.1). Exp. rssults

Tr<l.2). Exact solution

Tr<l,2>. Exp. reaults

t(h)

Figure 48. Comparison between analytic time dependent homogeneous model, and
tracer experiments carried out with the homogeneous sand column.

TRAN. Thus if the two models do not agree, the conclusion which may be drawn
is, that at least one of them must be wrong.

Problem definition A cross-sectional cut of a rectangular soil sample of height
ZQ and width IB containing one parallel plate fracture of aperture 2io is
considered. The sample is described by the parameters e, (3, G, Df and Rf
(notation as in the pinhole model) shown in table 27. The radon transport
problems considered are denned by the parameters D, q, c<) and c/ shown in
table 28. Two different kinds of problems have been tested:

(i) An external radon pulse CQ is sent through the soil, where the initial
concentration c/ is set equal to zero. The pulse is turned on at t = 1 h
and off at t = 2 h ('radon-E tracer').

(ii) The soil sample, with the finite initial concentration c/, is flushed with
radon free air ('radon-I buildup & flush').

Both kinds of problems have been considered for a low and a high value of
the radon diffusion coefficient in the soil surrounding the fracture.

Analytic time dependent fracture problem When equation 75 to 81 are rewrit-
ten in rectangular coordinates, they obtain the form:

90

dcm eG
dt 0

dCf
dt ' C j

Cm | t = 0 = Cf

q • Cf | z = o =

q i

|t=0= C/

?-co(*)H

D
0

az 1 fl,

dcf
1 dz

d2cf

dz2

U=o

D dcm

Rf x0 dx

(90)

|x-x0 (91)

(92)

(93)
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!—0 (94)

^ U » = 0 (95)

Cm (xO,Z,t) = Cf (z,t) (96)

The fracture is placed at the vertical coordinate x = 0. The employed solution
scheme is similar to the scheme described in Appendix B for the time depen-
dent pinhole model 28. The mathematical form of the solution is presented in
Appendix C.

FRACTRAN setup A FRACTRAN model has been defined for each of the
four problems described above. The horizontal and vertical distance between
neighboring nodes have been chosen to Az = 0.1 m and Ax = 0.0002 m. The
chosen Ax value is larger than the limit given by equation 54 (p. 32), but
by variation of Ax it has been observed, that the calculated concentration
fields are stable around the chosen value. The air permeability of the soil has
been set equal to 10~20 m2, which ensures that advective transport only takes
place in the fracture.

Analytic setup In the numerical inverse Laplace transformation of the analytic
model, 2M = 50 has been used as a cut off of the acceleration scheme (Ap-
pendix B, equation B.180, p. 142). At this value of M it has been observed
that the calculated concentration fields become stable. The model has been
implemented in Mathematica 29.

Table 27. Characteristic soil parameters employed in the comparison between the
analytic model and FRACTRAN.

2B(m)
2x0 (m)
zo (m)
e

P
G (Bq m-3 s"
Df (n^s"1)
Rf

0.02
0.002
0.5
0.331
0.10

:) 0.12
1.1 • 10~5

1

Table 28. Parameters defining the different physical situations in the comparison
between the analytic model and FRACTRAN.

Problem no. I I I I I I I V
D
Q

Co

ci

(m2

(mL

(Bq
(Bq

s~ )
min"1

-1)
m"3)
m-3)

)
lo-io

100
8.3 • 10~4

10000
0

io-7

100
8.3 • 10~4

10000
0

1 0 - ID

100
8.3 • 10-"
0
188500

io-7

100
8.3 • 10-4

0
188500

28The solutions schemes are similar in that respect that firstly the matrix equation is solved
and secondly the fracture equation is solved with the matrix concentration field used as input.
The differential equations are not Bessel equations, as this is a special feature of the cylindrical
equations in the pinhole model. Instead the rectangular differential equations are ordinary second
order differential equations which are easily solved.

29Wolfram Mathematica 2.0, Enhanced version for Microsoft Windows.
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Comparison The four problems outlined in table 28 have been calculated with
the analytic model and with FRACTRAN. The radon concentrations in the
effluent air from the fracture have been compared by visual inspection.
Furthermore the correspondence between the calculations has been checked
by regression analysis, i.e. the slope a, intercept 0 and correlation coefficient
R of the datasets {cex(tn),CfT(tn)) have been calculated, where cjr{t) and
cex(t) are the effluent radon concentrations from the fracture calculated by
FRACTRAN and by the analytic model, <i = 0.1 h, t2 = 0.2 h, . . . , and
JV = 30 respectively N = 10 for the simulations in which CQ ^ 0 respectively
the simulations in which c/ / 0. a, /3 and R have been calculated by standard
regression techniques ([Be92] and Appendix D). If the FRACTRAN simula-
tions correspond completely with the analytic calculations, the datasets lie
on a straight lines (i.e. R = 1) with slope a = 1 and intercept /3 = 0.
The calculated effluent concentration curves are shown in figure 49 (p. 93) and
figure 50 (p. 94). The figures show, that the two models yield almost identical
results. The calculated a, /? and R values are given in table 29. The table
shows, that R ~ 1 and a ~ 1 for all four problems, while \/3\ < 0.005 Bq m~3

for problem I and II ('tracer'), and \/3\ < 1234 Bq m~3 for problem III and
IV ('buildup & flush'). R ~ 1 proves, that there is almost perfect linear cor-
respondence between the analytic and FRACTRAN concentration fields in
all four problems, a = 1 and |/3| < 0.005 Bq m~3 in problem I and II show,
that the individual (cex(tn),Cfr{tn)) points are approximately equal with a
mean deviation of less than 0.005 Bq m~3. As the general order of magnitude
of the calculated fields in problem I and II are 1, the small deviation may be
neglected, and it can be concluded, that there is almost perfect agreement be-
tween the analytic and the FRACTRAN calculations. Similar considerations
regarding problem III and IV lead to the same conclusion.

Conclusion and discussion Both from the figures and from the regression anal-
ysis, it may be concluded that the correspondence between the two models is
very good, which suggests that none of the two models work incorrectly.
The physical significance of the results must be noticed: In the radon-E case,
the pulse moves fastest through the sample for the low diffusion coefficient
(figure 49). In the radon-I case, a less amount of radon is flushed from the
sample for the low diffusion coefficient relative to the case with the high
diffusion coefficient (figure 50). Both results show the effect of radon exchange
between bulk and fracture: In the radon-E case delay of the radon pulse,
caused by diffusion into the matrix, is proportional with the value of the soil
diffusion coefficient. In the radon-I case the rate of radon release from the
matrix is proportional to the bulk diffusion coefficient.

6.5 Conclusion
The setup of equations and the solution scheme employed in the analytic time-
dependent pinhole model have been tested by comparing a rectangular version of
the model with FRACTRAN calculations. No discrepancies have been detected
between the two models.

The analytic time-dependent homogeneous model has been compared with re-
sults of the sand column experiments presented in Chapter 3. It has been shown,
that the model is able to predict soil gas and radon transport in homogeneous
sand with reasonable accuracy.

It may on basis of these comparisons be concluded, that no errors have been
detected neither in the setup of equations nor in the solution schemes employed
for the pinhole and homogeneous model presented in this chapter.
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The analytic time dependent pinhole model has not been tested directly. Only a
rectangular version has been tested. The test gives no indications of mathematical
problems, which suggests that no errors exist in the actual pinhole model.

Table 29. Calculated slopes a, intercepts 0 and correlation coefficients R of the
regression analysis of the comparison between FRACTRAN and analytic calcula-
tions.

Problem no. I II III IV
a 0.996 0.992 0.996 1.031
/3(Bqm- 3 ) 0.002 0.005 -349.032 1233.820
R 0.999 0.999 1.000 0.999

Enact mode). D-1e-1O m2/l

Fractran. D-1»-1Om2/«

Exact model. D— 1e-7 m2/»

Fraclran. O*1a-7 mZ/a

t(h)

Figure 49- Comparison of effluent fracture concentration calculated by FRAC-
TRAN and the analytic model in the case of where an external radon pulse is sent
through the soil.
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Exact model, D-1»-1O m2/a

Fractran. O.1a-1O

— Exact model. D-1»-7 mZ/s

O — Fraclran. D-i*-7 m2/t

t (h)

Figure 50. Comparison of effluent fracture concentration calculated by FRAC-
TRAN and the analytic model in the case of where an initial radon concentration
is flushed from the soil.
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7 Analysis of undisturbed soil col-
umn experiments

In Chapter 5, the results of radon and thoron transport experiments carried out
with an undisturbed soil column (USC) containing a number of root holes, were
presented. The experimental results yielded a number of important indications on
how transport in preferential flow paths can affect radon and thoron transport in
soil. It was shown, that even though radon transport through the USC was clearly
affected by the presence of the preferential flow paths, the radon potential of the
sample did not seem to be affected relative to the potential of homogeneous soil,
when the driving forces prevailing in the sample was comparable to the forces
induced in soil by a house.

In order to obtain a more detailed understanding of the transport processes
governing in the USC, this chapter includes a thorough theoretical analysis of the
experiments carried out with the sample. The methods described in Chapter 6
are employed. The analysis is also an investigation of how complex a theoretical
model must be, to be able to cover the main transport properties of the fractured
sample.

The first part of the investigation presents an effective porous media (EPM)
model of the USC. This is an obvious starting point of the analysis, as this type of
model is simple and has a widespread application, and because the experimental
results have indicated, that the radon potential of the sample seems to be equal
to that of homogeneous soil. It is shown, that the EPM representation can fully
account for the radon potential of the USC under transport conditions comparable
with the conditions under a house. Contrary to this, the EPM model cannot
account for a number of other important transport features of the sample, such
as the finite thoron response.

In order to be able to account for more transport features, a more complex repre-
sentation of the USC is constructed, including a number of cylindrical preferential
flow paths, the pinholes. Simulation with this pinhole model, based on observed
properties for the USC, have been carried out for a representative number of ex-
periments. Two base case soil configurations, of which the real soil structure of
the USC is believed to lie in between, have been tested. Sensitivity of base case
simulations to number of fractures and vertical fracture extensions has been in-
vestigated. It is found, that the pinhole model can account for the main transport
properties of the USC.

7.1 Experimental results
The results of the experiments carried out with the USC are presented in Chapter
5. Five kinds of experiments have been performed:

(i) Thoron-E tracer experiments (results presented in table 25, p. 80 and in fig-
ure 47, p. 84).

(ii) Radon-I production rate measurements (results presented in table 20, p. 79,
and in the figures 41, p. 81 and 42, p. 81).

(iii) Radon-I buildup & flush experiments (results presented in table 21, p. 79
and in figure 43, p. 82).

(iv) Radon-E tracer experiments (results presented in table 22, p. 79 and in the
figures 44, p. 82 and 45, p. 83).
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(v) Radon-E pulse experiments (results presented in table 23, p. 80 and in fig-
ure 46, p. 83).

The total porosity, radon generation rate and effective permeability of the USC are
listed in Chapter 5, together with a description of the observed fracture structure.

7.2 EPM model
This section describes results of EPM simulations of the USC experiments.

Model configuration

The analytic homogeneous model described in Chapter 6 is employed. The static
version of the model is employed in simulations of radon production rate mea-
surements, while the time dependent version is employed in simulations of all
other experiments. The models are given the same height (H = 0.5 m) and radius
(R = 0.25 m) as the USC. The model has been implemented in Mathematica 30.

Input parameters

The input parameters to the EPM simulations are: radon or thoron generation
rate G (depending on the nature of the simulated problem), partition-corrected
porosity /?, bulk-diffusion coefficient D, Darcy velocity q, initial radon or thoron
concentration in soil pores c/ and influent radon or thoron concentration co(t):

G: In simulations of radon experiments, the radon generation rate is set equal
to the mean measured value G = 0.123 Bqm"3 s-1(Chapter 5, p. 68). In
simulations of thoron experiments, the thoron generation rate is set equal to
0, as it is the pure response of the system to an externally applied thoron
pulse, which is desired.

/?: In each simulation /? is calculated from equation 22 (p. 8). The term p • ka is
assumed to be negligible relative to the remaining terms in the equation 3 l .
The air and water porosity are set equal to the average measured values
(Chapter 5, p. 67). The Ostwald coefficient L is estimated from the mean
measured temperature of the simulated experiments by linear interpolation
of the L values listed in table 1 (p. 6).

D: The bulk diffusion coefficient is calculated from formula 25 (p. 8). With e =
0.331 and m = 0.879, the formula yields D = (ea + LeUJ)(2.34 • 10~8) m2 s"1,
where the term (ea -I- Lew ) = (3 (as p • ka ~ 0) is temperature dependent,
and must be calculated for each experiment (see above). 0 is generally found
to be 0.1, and thus the D values used as input to the EPM simulations are
generally of the order D ~ 2 • 10~9 m2 s"1, corresponding to a diffusion length
of LD = >/D/(eA) ~ 0.05 m.

q: The Darcy velocity q (m s"1) is calculated from the measured values of the air
flow Q (m3 s"1) by q = Q/A where A = ir • (0.25 m)2 is the cross sectional
area of the USC.

c/: The initial concentration ci is set equal to zero in all simulations, except in
case of the radon-I buildup & flush experiments, where the parameter is set
equal to the values listed in table 21 (p. 79). It is important to notice, that

30Wolfram Mathematica 2.0, Enhanced version for Microsoft Windows.
31The assumption is based on data given by Rogers & Nielson [Ro91A]. Here fco for sandy

clay loam is estimated to be 0.00084 exp(-12.3m). For m = 0.879 this gives p • ka ~ 10~5 (with
p ~ 103 kg m~3). The remaining part of /?, t a + Lew, is of the order of 0.1.
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by this step the 'buildup'-part of the buildup & flush experiments has been
taken out of the simulations. I.e. the simulations is started when the sample
is opened and flushed with air, and not when the sample is sealed.

co(t): The influent concentration pulse co(t) is equal to a constant Co in all sim-
ulations. The Co values employed in the different simulations are listed in
table 30.

Table 30. Influent concentration Co values employed in the EPM and pinhole sim-
ulations.

Experiment type Co (Bq m~3)
Radon-I production rate 0
Radon-I buildup & flush 0
Thoron-E tracer 1
Radon-E tracer Values taken from table 22, p. 79
Radon-E pulse Values taken from table 23, p. 80

Results of EPM simulations

In the outline of results, parameters labeled with a 'tilde' (e.g. .A) represent cal-
culated results.

Thoron-E: The response TZ (equation 70, p. 63) of the USC to an externally
applied thoron pulse has been calculated with the EPM model for the first
nine flow rates listed in table 25 (p. 80). The results of the calculations are
presented in table 31 (p. 100). As the thoron generation rate has been set
equal to zero, and as the influent thoron concentration has been set equal to
one, the response 72. is simply the calculated effluent concentration from the
sample.

Radon-I, production rate: The calculated effluent radon concentration Cp from
the USC in the simulations of the radon production rate measurements has
been calculated with the EPM model for all flowrates presented in table 20
(p. 79). Figure 51 (p. 101) shows the calculated and measured effluent concen-
tration curves. The measured and calculated results will both for this EPM
simulation and for the pinhole simulations presented in the next section be
compared by the number:

RMS = < / £ ' i ^ C*? (97)

RMS (root mean square) is a measure of the mean absolute distance be-
tween the measured and calculated effluent concentration values, where large
deviations are weighted more than small deviations.
In case of the EPM simulation of the radon production rate measurements,
the root mean square becomes:

RMSEPM = 160 Bq m~3

Radon-I, buildup & flush: Simulations of each buildup &; flush experiment
(table 21, p. 79) have been carried out with the EPM model. When the time
and concentration variables of the calculated flushing profiles are normalized
(divided) by the breakthrough time tb respectively the initial concentration
c/ (table 21), they all become equal due to the homogeneous nature of the
EPM model (piston flow). Figure 52 (p. 101) shows one representative of the
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flushing profiles together with the measured curves. Table 32 (p. 100) shows
calculated values of the flushed activity A, together with the ratios A/A,
where A is the measured value of the total activity flushed from the USC
(table 21, p. 79). The flushing time is equal to tb for all calculated curves, due
to the homogeneous nature of the EPM model.

Radon-E, pulse: Simulations of all radon pulse experiments (table 23, p. 80)
have been carried out with the EPM model. Table 33 (p. 103) shows the cal-
culated values of the total radon activity Ae flushed from the soil, together
with the time teq at which equilibrium is reached. The teq values are normal-
ized by t(, + (0.5 hr) (tb is taken from table 23, p. 80). Figure 53 (p. 102) shows
the results of the EPM simulations of the radon pulse experiments, together
with the measured results.

Radon-E, tracer: Simulations of all radon tracer experiment (table 22, p. 79)
have been carried out with the EPM model. Table 34 (p. 103) shows the calcu-
lated values of the equilibrium concentration approached by the breakthrough
curves. The effluent concentrations have been corrected for the natural radon
generation Cp of the USC, calculated in the simulations of the production rate
measurements. The rise times f are equal to tb for all EPM simulations of the
tracer experiments, due to the homogeneous nature of the EPM model (pis-
ton flow). The calculated EPM breakthrough curves are thus equal, when the
time variable has been normalized by tb and the effluent concentrations have
been corrected for natural radon generation Cp of the USC and normalized
by the influent concentration Co- Figure 54 (p. 103) shows one representative
of the EPM breakthrough curves, together with the measured results.

Notes on statistics

In the following is given a short outline of how the uncertainties in table 31 to
table 34 have been calculated. A summary of the different techniques employed in
the determination of the parameters and the uncertainties are given in Appendix
D. In general, all uncertainties have been estimated from the input parameters to
the model (soil-gas flow), while the dependence of the model calculations on the
soil parameters and model dimensions has not been tested.

The uncertainties on A (table 32) and Ae (table 33) have been calculated by
error propagation (of formula 41, p. 21 respectively formula 68, p.61) from the
uncertainties on the measured soil-gas flow values.

The uncertainties on A/A (table 32) has been calculated by error propagation
from the uncertainties on A and A.

Uncertainties on the teq/{tb + 0.5 hr) (table 33) values are determined by er-
ror propagation from the uncertainty on tb and the uncertainty connected to the
determination of ieq from the calculated data (calculated concentration as a func-
tion of time), in which the time variable is discrete. The last uncertainty has been
estimated by identifying the two discrete times in the recorded data closest to ieq

and then calculating the arithmetic mean and standard deviation of these.
The uncertainties on (CfCo)eq (table 34) have been estimated from the un-

certainties on the tb values by error propagation of the approximate formula
(C/Co)eq = exp(—Xtb) {tb being the breakthrough time), which describes the
theoretical loss due to decay when and external radon pulse is flushed through the
soil sample.

98 Ris0-R-975(EN)



Discussion

A separate discussion of the results will be carried out for each of the different
types of EPM simulations presented above:

Thoron-E: Comparison of the calculated It (table 31, p. 100) and measured ~R,
(table 25, p. 80) response values shows, that while the calculated values are
all approximately zero, a finite response is observed in the measurements
at flow rates higher than ~ 300 mL min"1. This indicates that the actual
transport time for thoron through the USC is smaller than predicted by the
EPM model. Based on the observed fracture structure (p. 63) of the USC it
is claimed, that the transport time is decreased relative to the homogeneous
case, by flow in preferential flow paths.

Radon-I, production rate: Inspection of figure 51 (p. 101) shows, that no dif-
ference can be observed between the calculated and the measured effluent
concentration curves. This is confirmed by the calculated RMS value, which
is less than any of the calculated or measured effluent concentration values
(except for Q = 1093 mL min"1), which indicates, that the absolute deviation
between calculations and measurements is insignificant.
This is an important result. It shows, that the USC behaves as a homoge-
neous soil sample when continuously produced radon is removed by steady-
state soil-gas flow. This situation resembles the physical case, where soil gas
carrying continuously produced radon is driven through soil and into a house
by pressure gradients induced by the house. The result indicates, that the
radon potential of soil relative to a house may be unaffected by the presence
of fractures.

Radon-I, buildup &c flush: The ratios A/A (table 32 p. 100) between measured
and calculated flushed activities show, that the A values are between 10%
and 25% smaller than the A values, and that A/A in four out of six cases are
significantly smaller than 1 (one-sided u-test with a 95% level of significance).
Thus too large a fraction of the accumulated radon is flushed out of the USC in
the EPM simulations, indicating that accumulated radon is removed slower
from the USC in the experiments, resulting in a higher loss due to decay,
relative to the EPM calculations. This is confirmed by inspection of figure 52
(p. 101), which shows that all accumulated radon is flushed from the soil
during one breakthrough time in the EPM simulations, while the measured
flushing times are approximately 4.5 breakthrough times.
These observations indicate transport in preferential flow paths: Diffusion of
radon from matrix to flow paths delays the removal of radon from the USC,
and thus causes a loss due to decay, relative to the EPM case.
It must be remembered that experimental problems may influence on the
radon loss in the buildup & flush experiments (see the discussion presented
in the 'Radon potential F section in Chapter 5, p. 75), as the radon loss in
the USC during the buildup phase is not known, and neither is the radon loss
in the CRM due to the finite response time of the instrument. Both losses
are, however, believed to be rater small (< 5%).
Thus the simulations of the production rate measurements may yield a more
realistic picture of the ability of the EPM model to predict the radon potential
of the USC.

Radon-E, pulse: Inspection of figure 53 (p. 102) and comparison of calculated
ieq (table 33, p. 103) and measured teq (table 23) equilibrium times show, that
the radon pulses are flushed between ~ 5 and ~ 11 times slower through the
USC in the experiments than predicted by the EPM simulations. Furthermore
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the figure shows, that the measured effluent concentration curves have an
earlier initial breakthrough than the EPM curves.
Both observations indicate transport in preferential flow paths: Rapid advec-
tion through flow paths provides early initial breakthrough, and diffusion of
radon between flow paths and matrix causes high equilibrium times.

Radon-E, tracer: Comparison of the calculated (C/Co)eq (table 34, p. 103) and
measured (C/Co)eq (table 22, p. 79) values of the effluent equilibrium con-
centrations shows, that these are not significantly different (two-sided u-test
with a 95% level of significance). Neither can the calculated rise time f be
distinguished from the measured values r or from the breakthrough times tj
(table 22, p. 79). But inspection of figure 54 (p. 103) shows, that the initial
radon breakthrough times are higher in the simulations than in the experi-
ments. Furthermore the measured curves are flattened relative to the EPM
curves and arrive at the equilibrium concentration after several breakthrough
times, indicating a delay of the influent pulses, which is not predicted by the
EPM calculations.
Both observations may, as in the two former cases, be explained by transport
in preferential flow paths.

Conclusion

It has been observed, that the EPM representation can fully account for the radon
potential of the USC given transport conditions comparable with the situation
where radon is driven into a house by pressure gradients induced by the house (the
production rate measurements). This corresponds well with the results presented
in Chapter 5, which indicated that the fractures present in the sample did not
influence on the radon potential of the production rate measurements (see the
section 'Radon potential II' in Chapter 5, p. 76).

Contrary to this, the EPM model cannot account for a number of other impor-
tant transport features of the sample, such as finite thoron response of the sample,
early initial breakthrough and flattening of breakthrough curves.

In order to be able to account for more transport features, a more complex
representation of the USC is needed. On basis of the observed soil structure and
the experimental results it is realistic to test an inhomogeneous model including
vertical cylindrical fractures. This is done in the next section.

Table 31. Results of EPM simulations of thoron tracer experiments.

) 52 106 215 328 437 551 659 768 867

It 10~59 10~32 KT17 10~n 10"9 10~7 10~6 10~5 10~5

Table 32. Calculation performed with the EPM model of the total radon activity
flushed from the USC in the radon buildup & flush experiments.

Q (raL min 1)

i(Bq)
A/A

\ 51
1144 ±
0.86 ±

133
0.14

105

1324 ±
0.75 ± 0

76
.05

217

1333 ±
0.75 ± 0

37
.03

269

1012 ± 347
0.84 ± 0.29

329

880 ± 16
0.91 ± 0.02

543

1431 ±
0.73 ± 0

17
.01
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Figure 51. Comparison of calculated (EPM) and measured effluent radon concen-
trations in case of the production rate measurements.
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Figure 52. Comparison of analytic EPM calculations, and radon buildup & flush
experiments.
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Figure 53. Comparison of analytic EPM calculations, and radon pulse experi-
ments.
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Table 33. Results of EPM simulations of radon pulse experiments.

Q (mL min 1)
52
106
268
541
820

Ae (Bq)
13405 ±
4055 ±
13762 ±
3713 ±
3580 ±

1560
229
315
43
30

ieq/(tb + 0.5 hr)
1.2 ± 0.2
1.1 ±0.1
1.1 ±0.1
1.1 ±0.1
1.1 ±0.1

Table 31,. Results of EPM simulations of radon tracer experiments.

Q(mLmin-1) 52 106 269 546" 825
(C/C0)eq 0.97 ±0.11 0.99 ±0.05 0.99 ± 0.02 1.00 ±0.01 1.00 ±0.01

Figure 54- Comparison of analytic EPM calculations, and radon tracer experi-
ments.
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7.3 Pinhole model
This section investigates to what extend the analytic pinhole model (Chapter 6)
is able to simulate the transport properties of the USC. Two base-case models are
presented, which represent reasonable physical soil structures, of which the real
soil structure of the USC is believed to lie in between. Sensitivity of the base-
case models to number and vertical extensions of cylindrical fractures (pinholes)
is tested. The models have been implemented in Mathematica 32.

Base-case models

The analytic pinhole model described in Chapter 6 is employed. The static version
of the model is employed in simulations of radon production rate measurements,
while the time dependent version is employed in simulations of all other types of
experiments.

Two models of the USC will be presented, both based on the observed physical
properties of the sample:

• A minimum of 40 root holes (pinholes) extend from top to bottom of the
USC.

• The mean air porosity of the USC is eQ = 0.040.

• The effective soil-gas permeability of the USC ke^ is approximately
1.4-10-12m2.

• It is assumed that a sub-net of dead-end pores connected to the pinholes may
exist in the USC. The assumption is based on the fact, that a number of
non-dyed root holes were observed during the dismantling of the USC. The
assumption is only based on observations for the present soil sample, rather
than on general knowledge of dead-end pores.

In both base-case models, the pinholes are assumed to be evenly spaced and have
equal radii. By this approximation, axial symmetry will exist of the radon and
thoron concentration around each pinhole, and thus zero radon and thoron dif-
fusion will exist halfway between any two pinholes. When it is assumed that no
advection takes place in the matrix between pinholes, the USC may therefore be
represented as a collection of n {n being the number of pinholes) independent sam-
ples, each containing one pinhole (see figure 55), and radon and thoron transport
through each independent sample may be calculated with the analytic pinhole
model (Chapter 6).

The pinhole radius TQ must be determined from the measured effective perme-
ability of the USC. When it is assumed that (i) n pinholes exist in the USC of
length ZQ (ZO > H, H being the height of the USC), (ii) all advective transport
takes place in the pinholes, and (iii) the air permeability in the matrix is negligible,
the following formula determines the air flow Q through the USC:

The left-hand side of this equation is Darcy's law (equation 8, p. 6), and the
right-hand side describes laminar air flow thorough n non-intersecting cylindrical
pinholes (equation 27, p 9). Thus the pinhole radius r0 is determined by:

32Wolfram Mathematica 2.0, Enhanced version for Microsoft Windows.
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Figure 55. Pinhole representation of the USC.

In table 35 is shown the pinhole radius r0 for the values of n and ZQ employed in
the sensitivity analysis.

The bulk volume of the soil must be preserved in the simulations. The total
amount of soil available for each pinhole will be approximately described by a
cylinder of radius Ro around the pinhole (figure 55). With n pinholes of length zo,
Ro is determined by the volume balance equation:

= -KR2H = R\j —V nz0
(100)

where H = 0.5 m is the height and R = 0.25 m the radius of the USC. In table 36
is shown the radius i?0 for the values of n and ZQ employed in the sensitivity
analysis.

Table 35. The radius r0 (m) of the individual pinholes as a function of number n
of pinholes and length zp of pinholes.

n
40
100
500

0.5
3.60
2.86
1 . 9 1 •

io-4

10"4

io-4

(m)
1

4.28-
3.40-
2.28-

.0
io-4

io-4

io-4

A direct representation of dead-end pores is not possible by the simple pinhole
model. It is suggested, that dead-end pores connected to the pinholes may increase
the radon and thoron exchange rate between pinholes and matrix, relative to the
homogeneous case. Increased exchange rate may be represented by an increased
radon (or thoron) diffusion coefficient in the matrix between pinholes, relative to
the value predicted by equation 25 (p. 8).
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Table 36. The radius RQ (m) of the soil cylinder around each of the individual
pinholes as a function of number n of pinholes and length z0 of pinholes.

ZQ (m)
n 0.5 1.0
40 0.040 0.028
100 0.025 0.018
500 0.011 0.008

The air porosity results from water drainage before and during the experiments.
It is unknown how water has been drained from the surroundings of the pinholes,
and how the remaining water (described by the fractional water saturation m)
redistributes itself in the matrix between pinholes.

It is suggested that the soil matrix between pinholes in the USC may be charac-
terized by a combination of a high radon (or thoron) diffusion rate from pinholes
to matrix, caused by e.g. dead-end pores, and an inhomogeneous fractional water
saturation. Two base-case models (base-case 1 and base-case 2), which represent
reasonable physical soil structures, in between which the actual soil structure of
the USC is assumed to lie, have been tested:

Base-case 1

In the base-case 1 model the following assumptions are made:
(i) Water is distributed evenly throughout the matrix between the pinholes.

Thus the input value of the fractional water saturation m to the base-case 1
model is set equal to the mean value presented in chapter 5 (p. 67).

(ii) The radon diffusion coefficient D in the matrix between pinholes is higher
than the value predicted by equation 25 (p. 8). Such a situation could e.g. result
if radon (or thoron) diffuses from pinholes into dead-end pores connected to the
pinholes.

Thus in the base-case 1 model, the diffusion coefficient between pinholes is varied
until the best correspondence between calculations and experiments is obtained.

The base-case 1 model represents the physical soil structure, where dead-end pores
connected to the pinholes dominates radon and thoron exchange between pinholes
and matrix.

Base-case 2

In the base-case 2 model the following assumptions are made:
(i) Water is not distributed evenly in the matrix between the pinholes. It is

assumed that the fractional water saturation m is at its maximum midway be-
tween any two pinholes, and at its minimum at matrix-pinhole interfaces. The m
distribution will thus be varied in the base-case 2 model, until the best correspon-
dence between calculations and experiments is obtained. The distribution will be
approximated in the model by the step function (see figure 56):

m"»in < 1 i r < Ri < RQ
mmax = l ; Rl<r<R0

mmin is the free input parameter which may be varied until the best correspon-
dence is obtained. The radius Ri, denning the transition from low to high degree of
water saturation, depends on mm\n- The dependence is determined by mass con-
servation of water or correspondingly by volume conservation of the air present in
the USC. If Va is the total volume of air present in the USC minus the volume of
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the pinholes, and if it is assumed that an equal amount of air is present around
each pinhole, the volume conservation is determined by:

_ /Vg/n + 7rzorg(l - mmin)e
~V KZo(l-mmin)e

(101)

(ii) Dead-end pores connected to the pinholes are assumed not to increase the
matrix diffusion coefficient D between pinholes. Thus in the base-case 2 model the
input value of D is thus determined by equation 25 (p. 8) and the chosen input
value mmin for r < R\.

It is realistic to assume that no significant exchange of neither radon nor thoron
takes place at R = R\, as the diffusion coefficient for r > R\ will be several orders
of magnitude less than for r < Ri. Thus in the base-case 2 model the radius
of each individual pinhole sample (see figure 55) is simply set to R = Ri, and
transport in the remaining soil (r > Ri) is neglected.

It is assumed that the radon emanation rate E is not affected by the changes
in fractional water saturation. This is a valid assumption, as E is approximately
constant for m values higher than ~ 15% [Na88], which is also approximately the
lowest value of mmin employed in the present investigation.

The base-case 2 model thus represents the physical soil structure where a non-
homogeneous water-distribution between pinholes dominates radon and thoron
exchange between pinholes and matrix.

PINHOLE MATRIX PINHOLE

i
1

—1—
t

t

I

Ro

1

- *

"1

m

1

•mmin
1 ^ —

\
i

1

'1 R 0

— Approximate distribution

- - Resl distribution

Figure 56. Fractional water distribution employed in the base-case 2 model, r = 0
is midway between two pinholes, and r = Ro defines the matrix-pinhole interface.
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Default input parameters

The default input parameters to the pinhole simulations are: Radon or thoron
generation rate G (depending on the nature of the problem), partition corrected
porosity /?, bulk diffusion coefficient D, Darcy velocity q in the pinholes, initial
radon or thoron concentration in soil pores c/, influent concentration Co(t), number
of pinholes n and vertical extensions of pinholes ZQ:

G: Defined as in the EPM simulations.

/?: In base-case 1, 0 is determined from formula 22 (p. 8) as in the EPM simula-
tions. In base-case 2, /? is also determined from formula 22, but with eo and
ew determined from m m j n . The term p- ka is in all cases neglected.

£>: In base-case 1, D = D is variable. In base-case 2, D is determined from
formula 25 (p. 8) using the chosen value of mmin.

q: The Darcy velocity q in each individual pinhole is defined from the total mea-
sured air flow Q by the formula q =

cf. Defined as in the EPM simulations.

co{t): Defined as in the EPM simulations.

n: The number of pinholes n will be set equal to the default value n = 100.

Z(j: The vertical extension of the pinholes will be set equal to the default value
z0 = 0.5 m, i.e. equal to the height of the USC.

Input parameters to sensitivity analysis

The actual number of pinholes present in the USC is not known. Neither is the
turtuosity of the pinholes. Thus the sensitivity of the model to number n and
vertical extension ZQ of the pinholes will be tested, n will be varied between the
three values 40, 100 (default) and 500. ZQ will be varied between the values 0.5 m
(default) and 1.0 m.

Experience has shown, that the simulation results are unaffected by the value of
the effective air permeability of the sample in the range l-10~12 m2 to 2-10~12 m2,
which is the maximum realistic range of the mean effective permeability. Thus a
sensitivity analysis with respect to effective permeability is not presented.

Representative experiments

To simplify the discussion, simulations of only two representative examples have
been carried out for each type of experiment, except in the radon production rate
case, where the effluent radon concentration has been calculated for all measured
air-flow rates Q.

For each type of radon experiment, a low and a high flowrate have been chosen,
the values of which are listed in table 37.

In the simulations of the thoron tracer experiments, a simulation has been car-
ried out for each of the two flowrates Qmin = 328 mL min"1 and Qmax = 437 mL
min"1. These two examples are selected for the following reasons: (i) The detected
thoron responses are finite for the chosen flowrates, (ii) the two measurements are
carried out before the drop observed in thoron response of the system (Chapter
5). The drop indicates a change in the structure of the preferential flow paths in
the USC. The thoron tracer experiments have been carried out after all radon
transport experiments. Consequently, when the aim is to compare simulations of
thoron and radon transport experiments, only experiments carried out before the
change must be included.
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Table 37. Flowrates employed in the pinhole simulations of the radon experiments
carried out with the USC.

Exp. type: Tracer Pulse Buildup & flush
Qmin (mL min-1) 106 106 105
Qmax (mLmin-1) 822 820 543

Simulation strategy

To simplify the discussion, only one free parameter has been tested for each base-
case configuration. This free parameter has been chosen and tested by the following
strategy:

1. The thoron tracer experiments are considered first. For these experiments,
the free parameter (D or mmjn) is determined, such that best possible corre-
spondence is obtained between measurements and model calculations.

2. The representative radon examples are simulated with the free parameter (D
or mmin) determined by the thoron tracer simulations, and the correspon-
dence between measured and calculated results is investigated.

This approach has been chosen because it is both simple and time-saving: In
the simulations of the thoron tracer experiments only the response H is to be
calculated. T\ is determined by calculating the effluent thoron concentration from
the USC at one time to after equilibrium has been reached at the effluent side. As
the computer program employed in the simulations 33 is rather time consuming,
it has thus proven most economic to fit the parameters D and rnmin against the
thoron tracer experiments, and then test the found parameters against the radon
tracer experiments, where the effluent concentration must be calculated for several
times (to obtain concentration profiles). It is also more simple to fit against one
set of experiments and then test the found parameters against the rest of the
experiments, than to fit against all kinds of experiments, and then compare the
found parameters.

Another advantage of the chosen approach is, that the radon and thoron exper-
iments, which represent two different transport situations in the USC due to the
different decay constants of the two isotopes, are handled independently.

Results of default simulations

This section presents results of simulations carried out for the default parameters
n = 100 and zQ = 0.5 m. Parameters labeled with a 'tilde' (e.g. A) represent
calculated results.

Determination of free parameters

Table 38 shows the values of the free parameters D and mmin determined for
base-case 1, respectively base-case 2, from the two thoron tracer examples. Two
values of each free parameter have been determined in each case, one for each
of the two representative thoron experiments. The values listed in the table are
the arithmetic means and standard deviations of the means of the two individual
calculations.

Default radon simulations

Figure 58 (p. 113) shows the results of simulations of the buildup & flush, pulse
and tracer examples when the free parameters given in table 38 are employed.

33Wolfram Mathematica 2.0, Enhanced version for Microsoft Windows.

Ris0-R-975(EN) 109



Figure 57 (p. 112) shows the results of the radon production rate simulations.
Table 39 (p. 110) lists calculated values of the total concentration A flushed from
the soil in the buildup & flush examples. Table 40 (p. 110) lists calculated values of
total activity Ae flushed from the soil and equilibrium times ieq/(tt,+0.5 hr) in the
pulse examples. Table 41 (p. 110) lists calculated values of the ratios (C/Co)eq
and rise times f in the tracer examples. Table 42 (p. I l l ) lists the calculated
root mean square values RMS (equation 97, p. 97) of the radon production rate
simulations.

The calculations of the uncertainties listed in table 39 to table 41 are equal
to the calculations of the uncertainties in the EPM simulations. The calculation
procedures are described in the 'Notes on statistics' section, p. 98.

Table 38. Free parameters for the two base cases, determined from the thoron tracer
experiments, for the default configurations.

Base case: 1 2
D (m2 s-1) (2.8±0.4)-10~7(2) -

0.44 ± 0.04(2)

Table 30. Results of defaults pinhole simulations of radon buildup & flush experi-
ments.

Q
mL min"1

106
543

Base-case 1

1376 ± 71
1441 ± 16

Base-case 2
A

Bq
502 ± 22
480 ± 5

Table 40. Results of defaults pinhole simulations of radon pulse experiments.

Base-case 1 Base-case 2
Q Ae teq/(tb + 0.5 hr) Ae teq/(tb + 0.5 hr)
mL min"1 Bq Bq

*T06 3882 ± 219 3.1 ±0.5 3579 ± 219 1.2 ±0.2
820 3401 ± 28 4.5 ±1.6 3388 ± 28 1.8 ±0.4

Table 41- Results of defaults pinhole simulations of radon tracer experiments.

Base-case 1 Base-case 2

mL min"1 Bq Bq
~106 0.99 ± 0.06 0.9 ± 0.2 0.99 ± 0.06 0.4 ±0.1
825 1.00 ±0.01 0.6 ±0.9 1.00 ±0.01 0.6 ±0.9
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Table 42. Calculated RMS values (Bq m 3) for the default pinhole simulations of
the radon production rate measurements.

Base-case 1 Base-case 2
RMS (Bq m~3) 163 1789

Discussion and conclusions of default simulations

Firstly some reflections on the free parameters are presented. Secondly each of the
default simulations of the radon transport experiments are discussed separately.

The free parameters are shown in table 38. For base-case 1 it is found that D ~

3 • 10~7 m2 s"1, corresponding to a radon diffusion length of L^ = \Jbl{e\) =
(0.6 ± 0.1) m, gives the best fit between simulations and measurements for the
thoron tracer experiments. D is two orders of magnitude higher than the diffusion
coefficient expected if the soil between the pinholes was homogeneous (which is
equal to the diffusion coefficient estimated for the EPM simulations, see p. 96),
and the radon diffusion length is higher than the total diameter of the USC. For
base-case 2 it is found that mmjn = 0.44 gives the best fit between simulations
and measurements for the thoron tracer experiments. This corresponds to R\ =
(0.011 ± 0.001) m (see formula 101), and a radon diffusion coefficient of D ~
3 • 10~7 m2 s"1 for r < Ri. It is seen that mm;n is approximately half of the
actual fractional water saturation in the USC (p. 67), and that R\ is less than
half of the total soil radius Ro = 0.025 m available around each pinhole (table 36,
p. 106). Thus the input parameters to both base cases differs significantly from
the parameters which would be employed in the simple approach, where the soil
between pinholes is considered to be homogeneous.

The visual correspondence between base-case 1 simulations and radon-I produc-
tion rate measurements is very good (figure 57, p. 112), while the correspondence
is poor for the radon buildup & flush examples (figure 58, p. 113). Figure 57
and 58 furthermore show, that the visual correspondence between measurements
and base-case 2 calculations is poor for both types of radon-I experiments.

Comparison of calculated A values (table 39, p. 110) and measured A values
(table 21, p. 79) for the buildup & flush experiments shows, that A is ~ 25% less
than A in base-case 1, and that A is ~ 100% higher than A in base case 2. The
rather large underestimation A in base-case 2 may be explained by the cut-off of
the individual pinhole-samples at R\, which is only half of the total radius RQ
available for each pinhole. The cut-off reduces the amount of soil, and thus the
total initial radon activity available for transport out of the soil. It is concluded
that the correspondence between buildup & flush experiments and simulations is
best in base-case 1, although it must be kept in mind, that generally both base-case
models yield poor predictions of the buildup & flush examples.

Inspection of the RMS values calculated for the radon production rate mea-
surements (table 42, p. Il l) shows, that the base-case 1 model yields a much bet-
ter correspondence between measurements and calculations than the base-case 2
model. Inspection of figure 57 (p. 112) show that the base-case 2 model underes-
timates the effluent concentrations in the production rate measurements. As for
the buildup & flush experiments, the explanation of this may be the cut-off of the
individual samples at Hi.

Figure 58 (p. 113) shows, that the visual correspondence between base-case 1
simulations and radon-E examples is good at high flow rates, and acceptable at
low flow rates. The figure furthermore shows, that generally the visual correspon-
dence between measurements and base-case 2 calculations is poor for the radon-E
experiments. As for the radon-I experiments, the explanation may be the cut-off
of the individual samples at R\, which has the effect that not all soil present in the
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USC can interact with the pinholes. In the special case of the radon-E examples
this has the effect, that not all soil present in the USC is able to absorb radon
from the pinholes.

Comparison of calculated values of At and ieq for the radon pulse examples
(table 40, p. 110) with measured values (table 23, p. 80) shows (i) Ae is not
significantly different from Ae for Q = 106 mL min"1 for any of the base cases,
while Ae is significantly higher (~ 10%) than Ae for Q = 820 mL min"1 in both
base cases (one-sided u-tests with a 95% level of significance), (ii) ieq is between
85% and 20% less than teq, but the values correspond best in base-case 1.

Comparison of calculated values of {C/Co)eq and f for the radon tracer examples
(table 40, p. 110) and measured values (table 22, p. 79) shows (i) (C/Co)e, is
approximately equal to (C/Co)eq in both base-cases, (ii) f is approximately equal
to T in both base-cases, except for Q = 106 mL min"1 in base-case 2, where f is
less than 50% of r.

The following conclusions can be drawn from the observations outlined above:
(i) The base-case 2 model yield a poor picture of radon transport through and from
the USC, (ii) simulations of radon-I buildup & flush experiments show, that the
base-case 1 model can not in general account for transport of internally generated
radon from the USC, and (iii) simulations of both types of radon-E experiments
indicate, that the base-case 1 model yields a realistic picture of radon and thoron
transport through the USC, especially at high soil-gas flowrates.

Generally, the weakness of the base-case 2 model may be explained by the cut-
off of the individual pinhole samples at Ri, which implies that not all soil present
in the USC is included in the transport processes.

Experiment

Bane case II

Cp(Bq m-3 )L

4OO 800
Q (mLAnln)

Figure 57. Comparison between pinhole calculations with default input parameters,
and radon production rate measurements carried out with the USC.
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Implications of default simulations

The base-case 1 model is able to predict the main transport properties of the USC.
The predictive power of the model is hence improved relative to the EPM case,
by assuming (i) the existence of vertical pinholes in the USC, (ii) that water is
distributed evenly in the USC between the pinholes, and (iii) that radon diffusion
from pinholes to matrix is about two orders of magnitude larger than what could
be expected by assuming that the soil between pinholes is homogeneous. The last
assumption can e.g. be explained by existence of dead-end pores.

It has been observed that the base-case 1 simulations overestimate the amount of
accumulated radon flushed from the USC in the buildup & flush examples. This
discrepancy may be explained by the approximations made in the base-case 1
model: The model assigns a high diffusion coefficient to the total matrix around
the pinholes in order to represent radon exchange from pinholes to e.g. dead-
end pores. This contradicts the actual physical soil structure, where the matrix
between dead-end pores and pinholes has a low diffusion coefficient due to the high
water content. Thus in the real sample, accumulated radon must be released from
the matrix to dead-end pores and pinholes, before it can be flushed from the USC.
It is suggested, that correspondence between the buildup & flush examples and
the base-case 1 calculations could be improved by including the radon generation
G as a variable parameter in the simulations to counterbalance the approximation
made by the increase of the diffusion coefficient.

The base-case 1 model succeeds in predicting the radon production rate of the
USC (figure 57, p. 112). Thus even though the base-case 1 model is not able to
predict the radon potential in case of the buildup & flush examples, in which the
radon concentration in the matrix between pinholes is very high, the model is able
to predict the radon potential in the case where continuously produced radon is
flushed from the soil by a steady soil-gas flow. As mentioned in connection with
the EPM simulations, the last situation resembles the case of advective radon
transport from soil into a house. Furthermore the buildup & flush experiments
may not be as reliable as the production rate measurements due to experimental
problems (see the discussion in the 'Radon potential I' section in Chapter 5, p. 75).

Results and discussion of sensitivity analysis

This section presents the results of the sensitivity analysis of the two base-case
pinhole models.

Determination of free parameters: Table 43 (p. 119) and table 45 (p. 119)
show the values of the free parameters for each combination of n and ZQ,
determined by the thoron tracer examples in base-case 1 and base-case 2.
Two values of each free parameter has been determined in each case, one for
each of the two representative thoron experiments. The values listed in the
table are the arithmetic means and standard deviations of the means of the
two individual calculations.
Table 44 (p. 119) shows the radon diffusion lengths corresponding to the
diffusion coefficients given in table 43. Comparison with table 36 (p. 106)
shows, that the diffusion length is larger than the radius RQ of soil available
for each pinhole for all combinations of n and z0 •
Table 46 (p. 119) shows the radii Ri (see equation 101, p. 107) correspond-
ing to the rrimin values given in table 45. It is seen that Ri decreases with
increasing n and ZQ. Table 47 (p. 120) shows the radon diffusion lengths
LD = \/D/(e\) corresponding to the mm;n values given in table 45. D has
been calculated from the mmin values by formula 25 (p. 8). Comparison of
table 46 and table 47 shows, that Ri is less than LD for all values of n and z0,
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but that the ratio RI/LQ increases as n respectively z<) increases. For n = 40
and ZQ = 0.5 m the ratio becomes 0.013, while it becomes 0.029 when n = 500
and zo = 1-0 m.

Radon-I, production rate: Table 48 (p. 120) shows the RMS values (equa-
tion 97, p 97) calculated for each combination of n and ZQ, using the free
parameters given in table 43 and table 45. Figure 59 (p. 121) shows calculated
production rate curves for each base-case 2 simulation, and one representa-
tive curve for the base-case 1 simulations, as these have been observed to be
approximately equal.
The table shows, that the base-case 1 simulations of the production rate
measurements are neither affected by n nor ZQ. In base-case 2, the table
and the figure both show, that the correspondence between calculations and
measurements becomes better as n respectively ZQ increases.

Radon-I, buildup & flush: Table 49 (p. 120) shows the A values calculated for
each combination of n and ZQ. Figure 60 (p. 122) shows the flushing profiles
for each base-case 2 simulation, together with one representative curve for
the base-case 1 simulations, as these have been observed to be approximately
equal.
The table shows, that in base-case 1, neither n nor ZQ have any significant
influence on A, while in base-case 2, A increases with increasing n respectively
zo-
Comparison with the measured values (table 21, p. 79) shows, that base-case
1 gives the best correspondence with the measurements, while the correspon-
dence between base-case 2 calculations and measurements become better as
n respectively z0 increases.

Radon-E, pulse: Table 50 (p. 120) and table 51 (p. 121) show the Ae values
and the ieq/(tb + 0.5 hr) values for the pulse examples, calculated for each
combination of n and z<>. Figure 60 (p. 122) shows the flushing profiles for each
base-case 2 simulation, together with representative curves for the base-case 1
simulations.
The figure, together with a comparison of calculated and measured (table 23,
p. 80) values show, that base-case 1 simulations with n > 40, generally yields
the best correspondence with the measurements, while the correspondence
between base-case 2 calculations and measurements become better as n re-
spectively z0 increases.

Radon-E, tracer: Table 52 (p. 121) shows the f/t/, values, calculated for each
soil configuration included in the sensitivity analysis. The equilibrium concen-
trations (C/Co)eq are not shown, as these are equal to the default values given
in table 41 (p. 110) for all values of n and zo in each of the two base-cases.
A graphic representation of the different breakthrough curves are not given,
as these can not be distinguished from the default curves shown in figure 58
(p. 113) for any value of n nor ZQ, or for any of the two base-cases.
Comparison of calculated f values and measured r values (table 25, p 80)
shows, that base-case 1 generally gives the best correspondence with the mea-
surements, while the correspondence between base-case 2 calculations and
measurements become better as n respectively zo increases.

Notes on statistics: The calculations of the uncertainties listed in table 49 to
table 52 are equal to the calculations of the uncertainties in the EPM simu-
lations. The calculation procedures are described in the 'Notes on statistics'
section, p. 98.
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Discussion: The reason that the base-case 1 model is insensitive to changes in n
and z0 is suggested to be, that the radon diffusion length is in all cases higher
than the distance between any two pinholes. Thus no change in the delay
or loss caused by diffusive exchange between matrix and pinholes should be
expected.
The reason for the general discrepancy between base-case 2 calculations and
measurements is suggested to be the cut-off of the individual pinhole samples
at Ri, which has been discussed in connection with the default simulations.
The reason, that the predictive power of the base-case 2 model improves as
n respectively ZQ increases, might be, that the ratio RI/LD increases as n
respectively ZQ increases. LD is a measure of the maximum radius of soil
around each pinhole which is able to interact with the pinhole, and as Ri /LD
approaches 1, the actual radius J?i available around each pinhole approaches
the maximum interaction radius LD-

Conclusions: The following conclusions can be drawn from the sensitivity anal-
ysis:

• The base-case 1 model can account for the main transport properties of
the USC for all values of n and ZQ.

• Base-case 1 simulations are generally not affected significantly by neither
n nor zo, except in the change of n from 40 to 100 in the simulations
of the radon pulse examples for Q = 106 mL min"1. In this case, the
correspondence between the measurements and the n = 40 simulation
is poor, while the correspondence is good for n = 100 and n = 500
(figure 60, p. 122). This indicates that ~ 100 (or more) pinholes have
been present in the USC.

• The correspondence between base-case 2 simulations and measurements
becomes better (but not satisfactory) as n respectively z0 increases.

7.4 Summary and discussion
The following results have been obtained by the theoretical analysis of the exper-
iments performed with the USC:

• An EPM model of the USC describes removal of continuously produced radon
by steady air flow (radon production rate) from the USC adequately. Thus
the EPM model is able to predict the radon potential of the USC in the
case where the transport conditions in the sample are comparable with the
case where continuously produced radon is driven into a house by pressure
gradients induced by the house.

• Transport of radon and thoron through the USC, and transport of accumulated
radon out of the USC are not adequately described with an EPM model of
the sample.

• A pinhole model including vertical cylindrical fractures (pinholes) adequately
describes radon and thoron transport through the USC, and removal of contin-
uously produced radon from the USC (radon production rate). The model is
based on the following assumptions: (i) ~ 100 pinholes (or more) are present
in the USC, (ii) the pinholes are > 0.5 m long, (iii) water-filled pores are
distributed evenly throughout the matrix between the pinholes, and (iv) the
effective radon diffusion coefficient of the soil surrounding the pinholes is high
relative to the empirical value given in equation 25 (p. 8), e.g. as a result of
dead-end pores.
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• The pinhole model described above overestimates the radon potential of the
USC in case of the buildup & flush experiments, probably because of the
approximation made in the model by assigning a large diffusion coefficient to
the total matrix between pinholes.

That the EPM model is able to predict the results of the production rate measure-
ments confirms the experimental results presented in Chapter 5, which indicated
that the radon potential calculated for the production rate measurements could
not be distinguished from the radon potential of a corresponding homogeneous
sample.

The pinhole model corresponds well with the observed soil structure of the USC:
Approximately 40 pinholes were observed by the dying process (p. 63), but it is
believed that more may have been present, as the USC was flushed with dye for
too short a time. A large number of visible but not dyed holes were present in
the USC. It is suggested that these may represent (i) dead-end pores connected
to pinholes, and (ii) pinholes which have not been colored.

It has been observed, that the agreement between measured data and pinhole
model calculations becomes better when the soil-gas flow rate increases. The rea-
son is believed to be, that the model is limited by the neglect of vertical diffusion
in the matrix between pinholes: At low flow rates the radon (or thoron) residence
time in the pinholes becomes comparable with the radon (or thoron) diffusion
times in the matrix (vertical and horizontal), and thus vertical diffusion should
not be neglected.

From the simulations it is clear, that the radon potential of the USC is different
for the radon production rate experiments and the radon buildup & flush exper-
iments. For the first type of experiments, both the EPM and the pinhole model
are able to predict the potential, while both models overestimate the potential
for the second type of experiments. As discussed earlier, this may be due both to
experimental and model problems.

The fact, that the pinhole model overestimates the radon potential in case
of the buildup & flush examples may indicate, that not all radon generated in
the matrix between pinholes and dead-end pores is submitted to the pinholes,
probably because of the low radon diffusion coefficient in the matrix. Comparison
with pinhole simulations of the radon production rate experiments shows, that this
effect can only be detected when the radon concentration in the matrix between
pinholes is large (as it is in the beginning of the buildup & flush experiments).

It must be kept in mind, that the pressure gradients employed in the USC
experiments are very large compared to pressure gradients induced in soil by a
house (see the discussion on Chapter 5, p. 74).

7.5 Conclusions
The model calculations confirm the experimental finding (Chapter 5), that the
radon potential of fractured soil is generally not altered relative to the potential
of homogeneous soil with equal effective transport parameters. EPM models may
thus in many cases be adequate for predicting the radon potential of fractured
soil (i.e. radon transport out of fractured soil) in the case where the pressure and
flow conditions in the soil are comparable with the conditions prevailing under a
house.

It is furthermore concluded, that when soil is exposed to large driving forces,
fractures may alter a number of other radon transport properties relative to ho-
mogeneous soil, such as early breakthrough of radon pulses, and finite (and of
course early) breakthrough of thoron pulses. Thus an EPM model is generally
not adequate for predicting transport of radon through fractured soil, and more
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complex models must be constructed.
Finally calculations with the pinhole model have shown, that fractures seem to

influence radon transport by the following two processes: (i) A high radon diffusion
rate from pinholes to e.g. dead-end pores delays transport through the soil, and (ii)
in extreme cases (high radon concentrations between pinholes) it can be observed,
that not all radon generated in the matrix between pinholes is released, resulting
in a possible decrease of radon transport from the soil. Both processes depend on
the degree of water saturation of the soil, the soil structure and the soil-gas flow
rate.
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Table 43. Determination of the free parameter D (m2 s~l) for base-case 1 for each
combination of n and zQ in the sensitivity analysis.

n z0 = 0.5 m zo = 1.0 m
~~40 (7.40 ± 1.10) -10-7(2) (3.10 ± 0.40)-10-7(2)

100 (2.75 ± 0.35) -10-7(2) (1.04 ± 0.25) • 10"7(2)
500 (0.48 ± 0.06)-10-7(2) (0.19 ± 0.03) • 10~7(2)

Table 44- The radon diffusion lengths L^ (m) corresponding to the diffusion coef-
ficients D found in the sensitivity analysis.

n

40
100
500

Zo =

1.03
0.63
0.26

0.5 m

±
±
±

0.08
0.04

0.01

zo =
0.67
0.39
0.17

1.0
±
±
±

0.
0.

m

.04

.05
0.01

Table 45. Determination of the free parameter mTO,n for base-case 2 for each type
of configuration of the sensitivity test.

n

40
100
500

zo =
0.13
0.44

0.69

0
±
±
±

.5 m
0.05(2)

0.04(2)

0.01(2)

z

0
0
0

o =

.42

.60

.77

1
±
±
±

.0m

0.04(2)

0
0
.02(2)

.01(2)

Table 46- The radii Ri (10 3 m) (see equation 101) corresponding to the mm*n

values found in the sensitivity analysis.
n

40
100
500

zo =
14.6
11.5
6.9

0
±
±
±

.5
0
0
0

m
.4
.4
.1

20 =

12.6

10.0

5.7

1
±
±
±

.0
0.
0.
0.

m

4
2
1
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Table 47. The radon diffusion lengths LD (m) corresponding to the m
found in the sensitivity analysis.

values

n

40
100
500

zo =
1.1
0.7
0.3

:0.5 m z0 =
0.7
0.4
0.2

: 1.0 m

Table 4&- Calculated RMS values in the sensitivity analysis of the radon produc-
tion rate examples.

n
40
100
500

Base-case 1

0.5
163
163
163

Zl

1.0
163
163
164

Base-case 2

)(m)
0.5
1953
1789
1420

1.0

1820
1606
1134

Table 49. Calculated values of the total flushed activity A in the sensitivity analysis
of the buildup & flush examples.

n
40
100
500

40
100
500

Q (mL min 1)
106
106
106

543
543
543

Base-case 1

0.5
1370 ± 71
1376 ± 71
1373 ± 71

1439 ±16
1441±16
1445 ± 16

1.0
1365 ±
1366 ±
1372 ±

1416 ±
1432 ±
1451 ±

•zo

71
71
71

16
16
17

Base-case 2

(m)
0.5

431 ± 19
502 ± 22
689 ± 33

405 ± 4
480 ± 5
694 ± 8

1.0
493 ±
593 ±
832 ±

464 ±
579 ±
861 ±

22
27
41

5
6
10

Table 50. Calculated values of the total flushed activity Ae in the sensitivity anal-
ysis of the radon pulse examples.

n
40
100
500
40
100
500

Q (mL min 1)
106
106
106
820
820
820

Base-case 1

0.5
3999 ± 226
3882 ± 219
3882 ± 219

3398 ± 28
3401 ± 28
3208 ± 26

1.0
3995 ±
3883 ±
3885 ±

3391 ±
3375 ±
3377 ±

zc

226
219
220

to
 
t
o
 
t
o

OO
 
00
 
00

Base-case 2

i(m)

0.5
3988 ±
3878 ±
3648 ±
3410 ±
3388 ±
3374 ±

225
219
56

to
 
t
o
 
t
o

00
 
OO
 
00

1.0
3906 ±
3736 ±
3614 ±

3406 ±
3365 ±
3336 ±

221
214
204

to
 
t
o
 
t
o

00
 
00
 
00
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Table 51. Calculated values of the equilibrium times ieq/(tb + 0.5 hr) in the sensi-
tivity analysis of the radon pulse examples.

n
40

100
500
40

100
500

Q (mL min x)
106
106
106
820
820
820

Base-case

0.5
1.2 ±0.2
3.1 ±0.5
3.1 ±0.5
4.5 ±1.6
4.5 ±1.6
4.5 ±1.6

1.2
3.1
3.1
4.5
4.5
4.5

1

zc
1.0
±0.2
±0.5
±0.5
±1.6
±1.6
±1.6

Base-case

0.5
1.2 ±0.2
1.2 ±0.2
1.6 ±0.2
1.6 ±0.3
1.8 ±0.3
2.3 ±0.5

1.2
1.2
1.3
1.8
2.0
2.8

2

1.0
±0.2
±0.2
±0.2
±0.3
±0.4
±0.7

Table 52. Calculated values of the rise times f/h in the sensitivity analysis of the
radon tracer examples.

n

40
100
500
40

100
500

Q (mL min ']
106
106
106
822
822
822

I 0.5
0.90 ±
0.90 ±
0.90 ±
0.63 ±
0.63 ±
0.63 ±

Base-easel

0.21
0.21
0.21
0.86
0.86
0.86

•zo
1.0

0.90 ±0.21
0.90 ±0.21
0.90 ±0.21
0.63 ±0.86
0.63 ±0.86
0.63 ±0.86

Base-case 2
(m)

0.5
0.36 ± 0.07
0.41 ± 0.07
0.41 ± 0.07
0.63 ± 0.86
0.63 ± 0.86
0.63 ± 0.86

0.41
0.46
0.62
0.63
0.63
0.63

1.0
±0.07
±0.07
±0.07
±0.86
±0.86
±0.86

Cp(Bq m-3)

Figure 59. Results of sensitivity analysis of radon production rate examples in the
pinhole representation of the USC.
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Experimental

0 Base case II. n=40.«M).5

D Base case U. natoo. zfcO.S

—0— Base ease II. ns500. zOsO.5

Base eaiell. n«40.10.1.0

Base case II. n.100, zO.1.0

Base caae II, n=500. tO.1.0

Base caw I. Ai n, All zO

Pinhole sensitivity inalytit
Radon pulH

OB820 mL/min ~

Experimental

Baaaeaaal. n=40.«0rf.5

-Q— SasscaMll. n.100, rO-0.5

- O — Bas. c.s. II. n=500.10-O.S

Base case II. n=40. zO*VO

V BasecaseJ n.lOO.zO-IO

t> Base case II. n«5OO.tO.I.O

Base case I. All n. All ZO

t/(tb+(0.5 h))

Figure 60. Results of sensitivity analysis of radon buildup & flush and radon pulse
examples in the pinhole representation of the USC.
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8 Summary and discussion

This chapter presents a summary of the results obtained in the present investiga-
tion, and a discussion of the implications of the results.

The general hypothesis of the investigation is (see the discussion presented in
Chapter 1), that the radon potential of soil (Chapter 2, p. 10) may be reduced by
fractures, depending on the soil structure and radon diffusion length in the matrix
between fractures. An investigation of this subject has been the main objective of
the present work.

8.1 Summary
Sand-column experiments

The sand-column experiments (Chapter 3) present a controlled demonstration of
the trivial result, that sand (or soil) cut through by preferential flow paths has a
higher effective permeability than corresponding homogeneous sand (or soil).

In the inhomogeneous sand column, the radon potential was not decreased rela-
tive to the homogeneous case. The investigation indicates, that the cause of this is
a combination of diffusion and advection in the matrix surrounding the preferen-
tial flow path: Fast vertical diffusion together with a finite advective contribution
to the transport in the matrix result in a radon concentration profile which is in-
dependent of the vertical coordinate in the sand, and radon will thus be removed
equally fast from the inhomogeneous and homogeneous system.

FRACTRAN

The numerical model FRACTRAN (Chapter 4) [Su92, Su95] carries out simula-
tions of steady-state soil-gas transport and time-dependent radon transport in soil
containing parallel-plate fractures.

FRACTRAN has, through a number of verification exercises, been proven to
yield reliable predictions of soil gas and radon transport in fractured soil. The
model is thus a supplement to existing models of soil gas and radon transport
in soil, and is furthermore an extension of existing effective porous media (EPM)
models, as the model includes fractures. It is suggested, that the model may be
employed in investigations of observed discrepancies between EPM models and
field measurements.

FRACTRAN has been employed in a large scale simulation of soil gas and radon
entry into a house placed on dry soil containing vertical parallel-plate fractures.
Characteristic soil parameters are based on measurements for an undisturbed Dan-
ish clayey-till soil sample (Chapter 5), and fracture dimensions are based on mea-
surements performed in Danish clayey till [Jo95]. The simulations thus represent
a realistic situation. The house is subject to an underpressure of 5 Pa relative to
the surroundings, which represents an upper bound of realistic house depressur-
izations. The pressure gradients induced in the soil by the house is of the order
~ 1 Pa m"1. Comparison with EPM simulations, also performed with FRAC-
TRAN, shows that the radon potential of fractured soil is not generally altered
relative to the potential of homogeneous soil, when the two kinds of soil have the
same effective transport parameters.
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Undisturbed soil column experiments

An undisturbed clayey till sample (USC) (Chapter 5) has been employed in the
investigation of radon transport in fractured soil and the radon potential of frac-
tured soil. A set of soil parameters (porosity, permeability and radon generation
rate) of clayey till, characterizing soil gas and radon transport has been measured
for the sample.

During the transport experiments, the USC has been exposed to pressure gra-
dients between ~ 100 Pa m"1 and ~ 800 Pa m"1. Comparison with the large
scale FRACTRAN simulation (Chapter 4) shows, that these gradients are very
high relative to realistic pressure gradients induced in soil by a house. Thus when
the aim is to relate the results to radon transport from the subsoil into a house,
especially the low pressure-gradient limit must be considered. The transport ex-
periments performed for the high pressure gradients are, however, still justified
as they yield a general picture of the factors influencing on radon transport in
fractured soil.

Results of radon and thoron transport experiments indicate, that transport in
the USC is a combination of advective transport in preferential flow paths and
diffusion in the matrix between flow paths. This is deduced from the following
observations: (i) When radon pulses is flushed through the USC, the effluent con-
centration curves show characteristic behavior of transport in preferential flow
paths (rapid initial concentration rise, followed by slow growth towards equilib-
rium and long 'tails' when the influent concentration pulses is turned off), (ii)
a finite fraction of influent thoron pulses 'survives' transport through the USC,
indicating fast advective transport in preferential flow paths, (iii) flushing of the
USC with a dye-tracer and subsequent dismantling have shown, that a net of pref-
erential flow-paths, consisting of cylindrical vertical root-holes (pinholes), extends
through the USC.

Flushing of the USC of continuously produced radon (radon production rate
measurements) resulted in a radon potential of the soil, which was not signifi-
cantly different from the potential expected if the sample was homogeneous. The
production rate measurements resemble the situation, where soil gas carrying con-
tinuously produced radon is driven into a house by pressure gradients induced by
the house, and the result thus indicates, that the radon potential of soil relative
to a house need not be affected by the presence of fractures.

Flushing of the USC of accumulated radon (buildup & flush experiments) re-
sulted in a radon potential of the soil, which was between ~ 66% and ~ 89% of the
potential expected if the sample was homogeneous. The potential measured by the
buildup & flush technique was observed to increase towards 100% for decreasing
pressure gradients. This indicates, that for pressure gradients in the range which
may be induced in soil by a house, the radon potential resulting from the buildup
& flush experiments can not be distinguished from the potential of homogeneous
soil.

The reason, that the radon potential measured by the two techniques differ,
are suggested to be caused by (i) experimental problems in connection with the
buildup & flush experiments, and (ii) the high radon concentration in the soil in
the buildup & flush case, which makes it easier to detect even small losses. The
prediction of the radon potential obtained from the production rate measurements
is believed to be most reliable.

Theoretical analysis of USC experiments

In order to obtain a more detailed understanding of the transport processes gov-
erning in the USC, Chapter 7 includes a thorough theoretical analysis of the ex-
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periments. Analytic models of steady-state soil-gas transport and time-dependent
radon transport in homogeneous soil (EPM model) and in soil containing vertical
cylindrical fractures (pinhole model) have been developed (Chapter 6) in connec-
tion with the analysis.

It is shown (Chapter 7), that the EPM model can fully account for the radon
production rate measurements of the USC, i.e. the EPM model is able to predict
the radon potential of the sample in the case where continuously produced radon
is flushed out by a steady air flow. This corresponds with the experimental results
presented in Chapter 5 where it was shown, that the potential estimated by the
production rate measurements did not differ from the potential which could be
predicted if the soil was homogeneous. Together the experiments and the model
calculations support the important results, that (i) the radon potential of soil
relative to a house may not be affected by the presence of fractures, and (ii) EPM
models may in many cases be adequate for predicting radon entry into houses,
even when fractures are present in the subsoil. The EPM model can, however, not
account for a number of other important transport features of the sample, such
as the finite throron response.

Contrary to this, most of the transport properties of the USC can be described
with the pinhole model (Chapter 7). The model includes ~ 100 pinholes which is
consistent with the observed fracture structure of the USC. The pinhole radius
is determined by the measured effective air permeability of the USC. To take
into account radon loss from pinholes to e.g. dead-end pores connected to the
pinholes, the radon diffusion length between pinholes is increased relative to the
value expected from the observed fractional water saturation of the USC.

The correspondence between the measurements and the pinhole model decreases
with decreasing soil-gas flow rates. The reason is suggested to be, that the model
is limited in that respect that vertical diffusion in the matrix between pinholes is
neglected: At low flow rates the residence time in the fractures becomes comparable
with the diffusion times in the matrix. This result indicates, that at low flow rates
the USC will behave more like homogeneous soil, which was also indicated by the
experimental results alone.

8.2 The radon potential
The radon potential for the homogeneous dry sand (Chapter 3), and for the same
sand cut through by a preferential flow path, were identified to be equal.

FRACTRAN simulations (Chapter 4) of radon entry rates into a house placed
on dry fractured clayey till revealed, that the radon potential of the soil relative to
the house was unaffected by the presence of fractures. Pressure gradients induced
in the soil by the house represented upper bounds of realistic cases. The diffusion
length in the matrix was longer than the fracture spacing.

Radon transport experiments performed with an undisturbed clayey till sample
(USC) containing a net of preferential flowpaths (root holes) revealed, that the
radon potential of the soil was 100% of the potential expected for homogeneous
soil, when continuously produced radon was flushed from the sample by a steady
air flow. Contrary to this, the potential was only between 66% and 89% of the
potential expected for homogeneous soil, in the case where accumulated radon
was flushed from the sample. Employed pressure gradients were all larger than
realistic gradients induced in soil by a house.

A theoretical analysis of the experiments performed with the USC revealed,
that the radon potential of the USC could be predicted by an EPM model in the
case where continuously produced radon was removed by steady soil-gas flow.

Combined, these observations show, that the radon potential of soil is not gen-
erally affected by the presence of fractures, when continuously produced radon is
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removed by steady soil-gas flow, which is the case when radon is driven into a
house from the subsoil. Only in extreme cases, with high pressure gradients and
high radon concentrations in the soil, may it be possible to observe decreases in
the radon potential of fractured soil relative to homogeneous soil.

8.3 Conclusions and implications
This work includes three separate investigations of the influence of preferential
flow paths on the radon transport through soil, the radon potential of soil, and
the radon entry into a house placed on fractured soil.

The main conclusion is, that in the case when continuously produced
radon is removed from soil by a steady soil-gas flow, the radon potential
is not in general altered by the presence of fractures.

This indicates the important result, that as long as the true effective transport
parameters, and of these especially the air permeability, of a given soil site relative
to a house is known, the radon potential will not be altered by the presence of
fractures, and effective porous media (EPM) models will yield realistic predictions
of radon entry rates into houses.

The present work has only been carried out for sand and soil samples which are
small relative to the scale of soil sites interacting with houses. Thus all statements
relating to radon entry into houses are proposals based on the observed results from
the small-scale samples. Furthermore the driving forces induced in the samples
have generally been high relative to realistic driving forces induced in the subsoil
by a house.

It has not been investigated, if a house placed on fractured soil interacts with
a larger soil volume through the fracture network, relative to a house placed on
homogeneous soil. A possible increase in soil volume could increase the total radon
entry rate relative to the homogeneous case, firstly because more soil mass would
contribute radon, and secondly because the radon release from fractured soil need
not be reduced by diffusion from matrix to fractures, as it has been shown in the
present work. Neither has the effect of horizontal fractures on the radon potential
been investigated. It is suggested that horizontal fractures may decrease the radon
potential of the soil relative to a house, when compared to the case where only
vertical fractures are present in the soil (a discussion of this subject was presented
in Chapter 4, p. 51). Finally it has not been investigated if atmospheric pressure
variations influence on the radon potential of fractured soil. Generally it is believed
that the influence of atmospheric pressure variations on radon entry into a house
is of little importance relative to the influence of house depressurization.

In order to obtain better understanding of the actual effect of fractures on
radon entry into houses, the following is suggested for future work: (i) Large
scale simulations of radon entry into houses placed on fractured soil in order to
investigate if the house interacts with larger soil volumes through the fractures,
and if this causes an increase in the radon entry rate, (ii) controlled investigation
in the laboratory of radon transport in fractured soil samples, given driving forces
comparable with forces in the subsoil under a house, (iii) investigation of the
influence of horizontal fractures on radon entry into houses and (iv) investigation
of the influence on atmospheric pressure variations on radon entry into houses.

Finally it is stressed, that although it has been shown that EPM models will
generally be adequate for predicting radon entry rates into houses, this is only if
they are based on true characteristic transport parameters of the soil relative to
the house. The question still remains on how to obtain realistic estimates of the
transport parameters, and of these especially of the effective soil-gas permeability.
Thus future work should also include thorough investigations, and if necessary
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improvements, of existing methods of measuring effective air permeability values
of soil.
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A The radium source

This appendix contains a deduction of the equation employed for the radon con-
centration c,(t,Q) (equation 67, p 61) in the effluent air from the radium source.
It is assumed that the source has been closed for a time interval t0 before the flow
is started.

The concentration ca(t,Q) is given by:

>« + A0 • e-l»%A (A.102)
}

a0 • e-yt° (A.103)

and the following notation:

V, : Volume of the source, equal to 2.09 • 10~4 m3.

G : Continuous radon generation in the source, equal to 4.92 • 10~2 Bq s"1.

A : The radon decay constant, equal to 2.098 • 10~6 s"1.

AQ : The initial radon activity in the source at the time when it is opened.

to : The time interval in which the source has been closed.

ao : The initial radon activity in the source when it is closed.

The proof of equation A.102 is divided in two parts; First the formula for Ao is
proved, and secondly the formula for c, is proved.

Ao

The formula for Ao is based on the solution of the following mass balance equation
for the closed source:

™. = | _ A . N ; N(0) = No

where N = N(t) is the number of radon atoms in the source at time t. The
differential equation, which is a linear first order equation, is solved by standard
techniques (e.g. [Sp68], formula 18.2). The result is

N(t0) = -^(1 - e-A t 0) + No • e~xt0

As the relationship between activity A and number of atoms N is given by A =
A • N, the activity AQ in the source at time to is obtained by multiplying N(to) by
A. Thus with ao — No • X equation A.103 is obtained.

c,{t,Q)

The formula for cs is based on the solution of the following mass balance equation
for the number of radon atoms in the open source, when the flow rate through the
source is equal to Q:

dN - ° -A N O^- • N(0)-Ao

_ _ T
 A N~Qv. N{0)
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V, is the volume of the source. Again this is a linear first order differential equation,
which is solved by standard techniques. The solution of the equation is:

N(t,Q) =

The radon activity in the source is A(t, Q) = N(t,Q)\, and finally the radon
concentration in the source is c(t,Q) = A(t,Q)/Va. When it is assumed that
the concentration in the effluent air is equal to the concentration in the source,
equation A. 102 is obtained.

134 Ris0-R-975(EN)



B Analytic solutions of homoge-
neous and pinhole models

This appendix present the functional forms, and the mathematical steps leading
to these, of the concentration fields employed in Chapter 6. As outlined in Chapter
6, four special case solutions of the general equations describing soil gas and radon
transport in fractured soil are derived. These are:

• Steady-state solution of the homogeneous model.

• Steady-state solution of the pinhole model.

• Time dependent solution of the homogeneous model.

• Time dependent solution of the pinhole model.

The mathematical solution procedures, and the resulting solutions will be outlined
one by one.

B.I Steady-state homogeneous model
The system of equations which will be solved has the form:

n - e G \r qdCa-' i

fir
q-ca,s \z=0= q • c0 + D°-^~ | 2 = 0 (B.105)

^f- U=zo= 0 (B.106)

The significance of the equations is described in Chapter 6. Equation B.104 is a
linear, inhomogeneous second order differential equation, the general solution of
which may be found in any standard mathematical handbook (e.g. [Sp68] 18.8).
The form of the general solution is:

ca,s {z) = Axe
m^l+m^z + A2e

m^1-m>>z + %• (B.107)
pX

where

( t \

1 ± W 1 + — — I (B.108)
Aj,2 are constants, which are determined by the boundary conditions. When this
is done, the resulting solution of the steady-state homogeneous problem becomes:

' v ' V / /3A

with mo and 7ni given in equation B.108 and

m2 = 75—£- r (B.110)

, m (B.112)
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B.2 Steady-state pinhole model
The system of equations which will be solved has the form:

q • c / , . U=o= q • Co + Dj ^ - | i = 0 (B.115)

Fir

^f\ Q (

U=«o=0

Cm,a fa, Z, t) = Cft, (z, t) (]

The significance of the equations is described in Chapter 6. Firstly the matrix
continuity equation B.I 13 is considered. This is recognized as an inhomogeneous
modified Bessel's differential equation of order zero. The equation is solved in two
steps: (i) One specific solution cm|S to the inhomogeneous equation is found, (ii)
The general solution c^a to the homogeneous equation (where the inhomogeneous
term cG//3 is left out) is determined. The general solution of the steady-state
matrix equation is then craj4 = ^ , + c^ , . It is easy to guess one specific solution
to the inhomogeneous equation: When cm>4 equal to a constant is tried, it is found
that cm s — (eG)/({3\) is a solution. The inhomogeneous equation is solved by
means of ordinary theory for the modified Bessel's equation (e.g. [Sp68] 24.31 and
24.43). It is found that c^ a(r) = AJ0{hr) + A2K0{hr), where I0(x) and K0(x)
are the modified Bessel equations of the first respectively second kind of order
zero ([Sp68] 24.32 and 24.38),

'i = \j^§ (B.H9)
is the inverse diffusion length, and /li i2 are constants, which will be determined
from the boundary conditions. Thus the general solution is:

cm J (f, z) = AAZ)IMIT) + A2{Z)KM\T) + — (B.120)
pA

Equation B.116 and equation B.118 are employed to find the constants Ai${z).
The following relations are used:

£-I0(x) = h(x) ^-K0(x) = -Kx(x)
dx dx

where /i(x) and K\{x) are modified Bessel functions of the first respectively second
kind of order one. It is found that the specific solution of equation B.113 becomes:

cm,a (r,z) = °f'' Z]~M\h{hr) + foKoihr)} + ~ (B.121)

where

/o = Y^% {B122)

and

/i = ^o('iro) + foKo(liro) (B.123)

The next step is to deduce the solution of the pinhole equation B.114. When the
specific solution cm^ (r,z) is employed, equation B.114 reduces to:

(B.124)
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where

h = h[h(lir0) +IoKi(hro)] (B.125)

and

Equation B.124 is recognized as a linear, inhomogeneous second order differential
equation, the general solution of which may be found in any standard mathemat-
ical handbook (e.g. [Sp68] 18.8). The general solution of equation B.124 becomes:

cIt. (z) = Bl exp ( ^ ( l + /*)*) +B2 exp

where

(B.12S)

The two unknown constants #1,2 are determined from the boundary conditions B.115
and B.117. The resulting specific solution of equation B.114 becomes:

cf,t (z) = /8[exP ( ^ - ( 1 + / 5)z) + h exp ( ^ )

(B.129)

where

1 —

h = T

and

f = /7(l-/5)exp(-g/»z0/(2D/))
78 (1 + h) exp(qhzo/(2Df )) + /6(1 - /5) exp(-qf5z0/(2Df )) ^ ' " '

Thus the total solution of the problem specified in equation B.113 to equation B.118
is given by the concentration fields, equation B.121 and equation B.129, with the
inverse diffusion length /1 specified in equation B.119 and the constants /o to fa
given in the equations B.122, B.123, B.126, B.125, B.128, B.130 and B.131.

B.3 Time dependent homogeneous model
The system of equations which is solved has the form:

—— = —- - Ac I (B 132)

ca |t=o=c/ (B.133)

9 • ca \z=o= q • co(t) + D^- \t=a (B.134)

3c

The significance of the equations is described in Chapter 6. Equation B.132 is a
partial differential equation in the variables t and z. By Laplace transformation
of the equation to inverse time space, it reduces to an ordinary inhomogeneous
linear second order equation. The Laplace transformation operator C is defined
by

f(p) = C[f](p) = [ e-"/(0<U (B.136)[
O
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where p (s ') is the inverse time variable. When C is applied to the time derivative
operator, this reduces to:

£[§£](p)=p-/(p)-/|i«o (B.137)

Thus when the Laplace transformation is applied to the system of equations de-
scribing the time dependent homogeneous problem, it reduces to (after some re-
arranging):

q • ca | z = 0 = q • co(p) + D^- | , = 0 (B.139)

^ - I z = , o = 0 (B.140)

When this system of equations is compared to the corresponding set of equations
describing the steady-state homogeneous problem (equation B.104 to B.106) it is
recognized, that these are identical, if the transformations

( + P ) G

are carried out in equation B.104. Thus the solution of the present problem is
equal to the solution of the steady-state homogeneous problem, with the given
transformations:

Ca (z) = M4 (^'od+A/O* + M2eA/o(l-A/,)^+M3eMo(l-A/1)z + ^ + C ^ P (
V / PP\A + p)

with

^ ( 1 / ^ ) (B.143)

q- fMo(l + MO

M3 = / y t f ' °(P) (B-144)

The inverse Laplace transformation back to time space is treated in the last section
of this appendix.

B.4 Time dependent pinhole model
The system of equations which is solved has the form:

dcm eG Did ( dcm \

= XC+ J r J (B.146)= XCm+

dt ~ X°f Rf dz + Rf 8z> + Rf r0 dr | r = r° (

cm \t=o= cf \i=o=cI (B.148)

dcr
qcf \z=o=q-co{t) + Df -jj- | i = 0 (B.149)

|r=n= 0 (B.150)
ar
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cm(r0,z,t) = cf(z,t) (B.152)

The significance of the equations is described in Chapter 6. The two continuity
equations ( B.146 and B.147) are both partial differential equations in the variables
t, r and z. As for the time dependent homogeneous model, the complete system of
equations is transformed to inverse time space by Laplace transformation, and in
this way the two continuity equations are reduced to linear differential equations.
After some rearranging, the transformed system of equations reduces to:

n eG + c i 0 p M j . . D \ d ( d c

" = c / ~ \" < P/Cf ~ "5 Q— ' 'n Q~~2 "5 5— |r=ro [JD.154)

9 • Cf | ;=o— Q • Co(p) + -D/ ~^— U=o (B.155)

r = H = 0 (B.156)
dcm

Or

J o = 0 (B.157)
3z

cm (ro,z,t) = cf {z,t) (B.158)

When this system of equations is compared to the corresponding set of equations
describing the steady-state pinhole problem (equation B.113 to B.118) it is re-
alized, that the equations describing the radon concentration field cm in the soil
matrix (equation B.113 and B.146) are identical, if the transformations

are carried out in equation B.113. Thus the mathematical form of cra (r,z) is
identical to the form of the steady-state field cm,4 (r,z) given in equation B.120,
when the given transformations have been applied to cm,, :

(B.160)
may be interpreted as the inverse diffusion length in the Laplace space, and

(P _ P _Fo=F°-
Fi = Fiip) = /o(Li(p)ro) + /oJfo(ii(p)ro) (B.162)

The next step is to deduce the solution of the pinhole equation B.154. When
the specific solution cm (r, z) is employed, equation B.154 reduces to (after some
rearranging):

= , * - A -

where

F2 = F2(p) = £,(?)[/! (Li(p)r0) + F0(p)A'1(L1(p)r0)] (B.164)

and
2D F2{P) _ 2D F2(p)eG + c,pp

R7^F7(P) F 4 = Fi{p) = WVF7(P)WATP) ( B-1 6 5 )
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The continuity equation B.163 is now recognized to be equal to the corresponding
steady-state equation B.124, when the following transformations have been applied
to equation B.124:

A-»(A+p) / 4 - > F 4 - c /

Thus the mathematical form of c/ (r, z) is identical to the form of the steady-state
field c/,, (r, z) given in equation B.129, when the given transformations have been
applied to c/,, :

c, (*,p) = F,[exp ( j | ) (^j )

) j « Z 2 _ (B .166)

where

Fs = Fs(p) = y l 2 (B.167)

rp „_ j-i / \ 2 IT* ^— E1 I \ — *3\P)~"A^p /T3 1£O^

•T6 = -^6^P/ ^ i — F ( ) ^ = = ?{P' = 1 —F ( ) ^ . 1 0 0 ;

2 ~ 1 £ *
and

F8 = F8(p) =

" V n ~ " F ' °n' (B.169)
+ F6(p)(l - F5(p))exp(-qF5(p)z0/(2Df

Thus the total solution of the time dependent pinhole problem is given by the
concentration fields, equation B.159 and equation B.166, with the inverse diffu-
sion length Li(p) specified in equation B.160 and the p dependent fields F0(p) to
Fs(p) given in the equations B.161, B.162, B.165, B.164, B.167, B.168 and B.169.
Transformation from the inverse time space back to real time space is treated in
the next section.

B.5 Numerical inverse Laplace transformation
In the two time dependent problems, the solutions were deduced in the Laplace, or
inverse time, space. In order to compare the solutions with experimental results,
or with other models, two approaches may be followed:

• Numerical Laplace transformation of the experimental or model results to
Laplace space.

• Inverse Laplace transformation of the analytic Laplace space concentration
fields back to real time space.

The first approach has been employed by [Ja96], with good results. From this refer-
ence it is apparent that the numerical Laplace transformation of the experimental
results to inverse time space is less complex from a mathematical point of view,
and less CPU time consuming, relative to the corresponding inverse Laplace trans-
formation (analytic or numerical) of the analytic concentration fields back to real
time space. But it is the opinion of the author of this report, that this method has
one drawback, namely that the visual inspection of the correspondence between
the measured and calculated concentration fields looses its physical significance; In
inverse time space, the fields assume a form which does not resemble the physical
form in real time space. Consequently approach number two has been chosen in
the present context: Inverse Laplace transformation of the analytic concentration
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fields back to real time space. Inspection of the deduced concentration fields in
the homogeneous respectively pinhole case clearly shows, that these have a very
complex functional dependence of the inverse time parameter p. Consequently it
has been chosen to carry out the inverse Laplace transformation numerically and
not analytically. The employed scheme is outlined below.

The analytic expression for the inverse Laplace transformation operator is given
by (e.g. [Sp68] 32.2):

i rC+ioo
f(t) = C-l[f](t) = — / e"7"(p)dp (B.170)

where the real number c must be chosen such that the line {c + it\t £ 3?} is to
the right of any singular point of f(p) in the complex plane (i = \ /^T is the
complex unit). Several numerical approximations of equation B.170 exist [Da79].
In the work presented in this report, it has been chosen to use a Fourier series
approach [Da79, Cr76, DH82]: Using that f(t) is a real valued function, the integral
in equation B.170 may, after some rearranging, be represented by:

/o
By the procedure presented in [Du68], f(t) may be approximated on the interval
0 <t <T by the Fourier series:

(B.172)

where Er is the error associated with the approximation. As discussed in [Cr76]
Er may be made sufficiently small on the interval 0 < t < T/2 by choosing the
number cT by:

cT = Ta - ln(£ r ) /2 (B.173)

where a must be greater than the real part of the rightmost singular point of f{p).
Experience has shown, that if all singular points of / has real parts less than zero,
it is in most cases sufficient to set a = 0.

As discussed in [Cr76, DH82, Da79] and references quoted in these, the conver-
gence of the power series in equation B.172 may be very slow, a fact which has
also been observed in the present investigation in the work with the Laplace space
concentration fields presented in this appendix. Moreover the CPU time needed
to calculate just one term in the sum may be rather large, due to large complexity
of the Laplace space concentration fields. Thus a direct calculation of the power
series, with a cut-off of the sum, is not advisable.

Several methods exist to deduce accurate estimates of the limiting value of
slowly converging power series. It is shown in [Da79], that when the Fourier se-
ries approximation to the inverse Laplace transform is combined with an epsilon
algorithm acceleration [Wy61, MD64] of the power series, the accuracy of the ap-
proximated function f(t) is excellent. The epsilon algorithm method consists of
the following steps: Let SK(X) = J2k=oakxk be a power series in the variable x.
Let c(_f^) = 0 for m = 1,2,..., and e{,m) = Sm for m = 0 , 1 , . . . . Then if

(B.174)*+l *- l ,(m+l) (m)
t s — €s

it has been shown, that C^M> M = 0 , 1 , . . . gives successive better approximations
to lim/f-Kx, SK, with high accuracy for relative low values of M. In [DH82] an
improvement of the epsilon algorithm is presented. With the notation used above,
let 4 ' ' = 0 for i = 0 , 1 , . . . and q[l) = ai+l/a.i for i = 0 , 1 , . . . . Let

e^=qii+1)-^+e^P , r = l , 2 , . . . , x = 0 , l , . . . (B.175)
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Define the coefficients djt for k = 0 , 1 , . . . by:

4, = a0 , d2m_x = - g W , d2m = -e$ (B.177)

Finally define the coefficients An(x) and Bn(x) by: J4_I = 0, AQ = do, i?-i =
Bo = 1 and

^ B ( x ) = i 4 n _ 1 ( x ) + d B i 4 B _ 2 ( x ) i , n = l , 2 , . . . (B .178)

5 n ( x ) = S n _ 1 ( x ) + d n S n _ 2 ( x ) i , n = l , 2 , . . . (B.179)

It may then be shown that the ratio A2M/B2M for M = — 1,0,... gives successive
better approximations to limv<-_»0O SK- In [DH82] it is shown that this new scheme
gives a higher precision than the pure epsilon algorithm for a number of problems.
The new scheme has the advantage, that the dk values are independent of the
variable x, and must only be calculated once, where the e, values must be
recalculated for each new x value. In the present investigation, it has been chosen
to employ this improved acceleration scheme in the calculation of the sum given
in equation B.172.

When the approximation to the inverse Laplace transformation /(() in equa-
tion B.172 is considered, it is seen that with a0 = | / (c ) , aj. = f(c + kiri/T) and
x(t) = exp(nit/T), f(t) can be approximated by the accelerated form:

The variable T must be chosen as T = 2 • tmax where tmax is the maximum time
as which f(t) is calculated. Experience shows that T = tmax gives excellent accu-
racy for the concentration fields presented in this appendix. Finally the variable
c must be chosen in accordance with equation B.173. For the concentration fields
presented in this appendix, the variable a is always set equal to zero.
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C Analytic FRACTRAN verifi-
cation
In this appendix is presented the two analytical solutions used in the two verifi-
cation exercises of FRACTRAN (Chapter 4, Chapter 6).

C.I Analytic time dependent fracture problem
In this section is presented the Laplace space solution of the time dependent
fracture problem outlined in Chapter 6 in equation 90 to 96 (p. 90). The solution
procedure employed is similar to the procedure outlined in Appendix B for the
time dependent pinhole problem, and therefore only the resulting Laplace space
concentration fields in the matrix cm respectively fracture c/ will be outlined in
this appendix 34. The fields are:

cf (z,p) = K5(e

' ' ) J<2~Cl (C182)+ J
K i - A - p

with

= Li(p) = Y — — — (C.183)

Kx = Kiip) = — § - I i tanhtLjCxo - B)] (C.184)

l tanh[Ll(-X0 - B)]J07) (C-185)

IU - IU{P) = D/mo(l-mi)-q
 (C-

KA(1 — mi)f~m°mi:o

5 - 5K.P) - (1 + m ) e m o m , : o + ^ ( J m) e-moraizi , *• '

mod ± mO = ̂ - d ± ̂ 1 - 4 ( ^ \ 7 ) f l / D / ) (C189)

The numerical inverse Laplace transformation procedure employed to find the
concentration fields in real time space is described in the last section of Appendix
B.

34The solutions procedures are similar in that respect, that firstly the matrix equation is solved
and secondly the fracture equation is solved with the matrix concentration field used as input.
The differential equations are not Bessel equations, as this is a special feature of the cylindrical
differential equations in the pinhole model. Instead the rectangular differential equations are
ordinary second order differential equations which are easily solved.
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C.2 The Moisture problem
The total solution of the moisture problem defined in equation 55 to 61 (p. 33) is:

(C.190)

C 2 ( l ) = U £ > B , 2 ^ B , l ^ a < ^ o \ AcLfl + £() + ^

with

_. _ 1 i = l ,2 (C.192)

3-~iA ; i = 1,2 (C.193)

nhl /v . A. T.n\

« (C194)sinh[aJA2(L0

Co e a i '
( C 1 9 5 )

= DB,i CQ O l ( l - A O e 0 ^ 1 ^ 1 ^ 0 (C.197)

= DBACO + 4>L0)a2ea2Lo{smh[a2A2{Lo - L)\

+A2 cosh[a2A2(L0 - L)\) (C.198)

-DB,2 Acz,0 Q2ea2Lo(sinh[Q2A2(L0-I()]+A2 cosh[a2A2(L0-£)])(C.199)
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D Notes on statistics

This appendix contains a short summary of the different statistical methods em-
ployed in the present work to describe data. The information presented in the
appendix are based on [Be92, DS/INF94, Ca73, Du77].

Arithmetic mean

When more than one measurement of a parameter is present, the arithmetic mean
is used to describe the parameter. When (x\,X2,• • • ,%N) are the individual mea-
surements of the parameter x, the arithmetic mean x is denned as [Be92, Du77]:

(D.201)

Uncertainty

In [DS/INF94] the uncertainty of a measurement is described as a 'parameter,
associated with the result of a measurement, that characterizes the dispersion of the
values that could reasonably be attributed to the measurand' (i.e. to the parameter
which is being measured).

Evaluation of uncertainties connected to measured parameters may be divided in
two categories, type A and type B [DS/INF94]. A type A uncertainty is evaluated
by statistical analysis of the measured data, while a type B uncertainty is evaluated
by means other than statistical analysis of the measured data. Typically a type
A uncertainty is calculated for data which is known to follow e.g. a Poisson or a
Gaussian distribution, while a type B uncertainty may e.g. be based on knowledge
of the accuracy and precision of the instrumental setup.

In the present context, all sources of dispersion in each individual measurement
or calculation have been included in the individual uncertainties.

Experimental standard deviation of the mean

When more than one measurement of a parameter is present, the experimental
standard deviation of the mean sj (type A uncertainty) is used in the present
context to describe the precision of the measurement. Sj is a measure of the
uncertainty of the arithmetic mean due to random effects [DS/INF94]. When
(x\, x-i,..., XN) are the individual measurements of the parameter x, Sg is defined
as [Be92, DS/INF94]:

st = -^= (D.202)

where s is the standard deviation of the individual measurements, which charac-
terizes the dispersion of the individual measurements about their arithmetic mean.
When nothing else is stated in the present context, s is calculated by the standard
formula for a sample of measurements:

=v H -1 i ) 2 (D-2O3)

Poisson statistics

In the case where the aim is to describe the distribution of data points in counting
experiments, the Poisson distribution is appropriate [Be92]. In the present context
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this is the case, when equilibrium effluent radon or thoron concentrations from the
sand or soil columns have been measured by counting the number of decays of the
radon or thoron daughters per unit time interval in the continuous radon monitor.
In this case the equilibrium value is still characterized by the arithmetic mean
given by formula D.201, and the experimental standard deviation of the mean
given in formula D.202 is used to characterize the uncertainty. But the standard
deviation of the measurements are calculated by (type A):

s = y/E (D.204)

as x is equal to the standard deviation for data which follow the Poisson distribu-
tion [Be92].

Error propagation

In the case where a parameter a; is a function of one or more different measured
parameters, error propagation is used to determine the uncertainty on x. Let
x = x(y\, 2/2, • • •, VM)> where yi are independent measured parameters, having each
an uncertainty Sj. Then the uncertainty on x is given by the error propagation
formula:

=frKI):
(D.205)

Covariant term and higher order term are not included in the formula, as these
have no importance in the present context.

It is important to notice, that an uncertainty calculated by error propagation
is often a combination of type A and type B uncertainties. In the present context
almost all uncertainties calculated by error propagation is such a combination,
as they include the type B uncertainty on the measured air flow values due to
incomplete precision of the correction of the mass flow controller (see the 'Instru-
mental setup' section in Chapter 3), together with uncertainties due to statistical
fluctuations (type A).

Weighted mean and standard deviation

In some cases the individual measurements Xj of a parameter x each have their own
uncertainty Sj connected to them. In this case the parameter x is characterized
by the weighted mean given by:

and the uncertainty of x is characterized by the weighted standard deviation:

s,= ?-T (D207)

Linear regression

In the present context, linear regression is employed a number of times, e.g. in cal-
culations of permeabilities (see e.g. Chapter 5). When a series of N measurements
of the pair (xi,yi) (e.g. corresponding pressures and air flows in a soil sample) are
identified to follow an approximate straight line:

y ~ a • x + 0 (D.208)
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the coefficients a and 0 are determined by the formulas [Be92]:

N N N
a = A ^ E ^ - E ^ E ^ ) (D.209)

i = l i = l t = l

and
1 N N N N

f = ^ E *? E vi + E *i E *<»)
x=l i = l i = l i = l

with

t=l i= l

The uncertainties on a and /? can be determined from the uncertainties s, on the
yi values by the formulas:

and

S0 = £ E 3" (D.213)

with
AT N 2 JV

Comparison of data

Throughout the report, a number of comparisons are presented, between measured
data, and between measured and calculated data (model calculations). In all cases
are used either an u-test or a t-test [Br93, Du77].

t-tests are used in the cases, where the variables which are being compared
and the uncertainties connected to these are pure arithmetic means and experi-
mental standard deviations of the means. All t-tests, both one- and two-sided are
performed with a 95% level of significance.

u-tests are used (i) when the variables which are being compared are not pure
arithmetic means, and (ii) when the uncertainties connected to the variables which
are being compared are not pure experimental standard deviations of the means.
All u-tests, both one- and two-sided are performed with a 95% level of significance.
Thus u-tests are e.g. used to compare flushed concentrations in buildup & flush
experiments (case (i)), and to compare variables for which the uncertainties have
been calculated by error propagation (case (ii)). It must be noticed, that in most
of the cases where the u-tests are being employed, it is implicitly assumed that the
variables which are being compared are Gaussian distributed. This assumption is
justified by the fact, that the input parameters to the calculated variables are in
most cases Gaussian distributed. Furthermore it is assumed, that the uncertain-
ties connected to the variables represent measures of the experimental standard
deviations of the means, although they may have been calculated by error prop-
agation from both type A and type B uncertainties, of which only the first are
experimental standard deviations of the means.
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Notation

In the present context an uncertainty u connected to a parameter x is always stated
together with the parameter by the notation x ± u, even when u is not a pure
experimental standard deviation of the mean. In each chapter is presented a short
outline on how the different uncertainties have been calculated. In the case where
x and u are the arithmetic mean and the experimental standard deviation of the
mean of more measurements, the degrees of freedom (number of measurements)
N used to determine i and u is given in parenthesis just after u, i.e. the notation
x±u(N) is used. In the case where x is the arithmetic mean of more measurements,
but where u has been determined by error propagation (possibly including the
experimental standard deviation of the mean), the degrees of freedom (number of
measurements) N used to determine x is given in parenthesis just after x, i.e. the
notation x{N) ±uis used.
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E Dansk resume

Radon (Rn-222) transport i opspraekket jord er blevet unders0gt bade ved labora-
torie fors0g med jord-s0jler, og med model beregninger. Eksperimenter og bereg-
ninger er blevet anvendt i en diskussion af radon indtraengning til huse placeret
pa opspraekket jord.

To slags jord-s0jler er blevet anvendt. For det f0rste er er der blevet konstrueret
to sand-s0jler, af hvilke den f0rste repraesenterer et homogent system, og den an-
den det samme homogene system gennemskaret af en h0j-permeabel transport
vej. Radon transport eksperimenter udf0rt pa de to systemer har vist, at radon
transport i den inhomogene S0jle ikke er aendret relativt til transport i den ho-
mogene S0jle. For det andet er der blevet anvendt en intakt moraeneler S0jle (IS),
gennemskaret af et net af gennemgaende transport veje bestaende af rod gange.
Radon og thoron (Rn-220) transport eksperimenter har vist: (i) Radon transport
gennem s0jlen bliver forsinket af udveksling mellem transport veje og omgivende
jord matrix, (ii) radon potentialet, d.v.s. den del af den totale maengde radon fri-
givet til de luft-fyldte porer der er tilgaengelig for transport ud af jorden, bliver
reduceret i den opspraekkede S0jle relativt til homogen jord.

To transport modeller har vaeret anvendt. For det f0rste den numeriske model
FRACTRAN, der simulerer statisk jord-gas transport og tids-afhaengig radon
transport i jord gennemskaret af parallel plade spraekker. FRACTRAN er blevet
anvendt i en simulation af radon indtraengning til et hus placeret pa t0r opspraekket
jord. Beregningerne er baseret pa. malte jord parametre for Dansk moraeneler.
Beregningerne viser at radon indtraengningen til huset ikke er aendret relativt til
et hus placeret pa. homogen jord med den samme effektive permeabilitet. For det
andet er der blevet konstrueret en analytisk model med det formal at foretage en
teoretisk unders0gelse af IS eksperimenterne. Modellen l0ser det koblede system af
ligninger der beskriver statisk jord-gas transport og tids-afhaengig radon transport
i jord gennemskaret af cylindriske revner. Der eftervises at modellen er i stand til
at beskrive den overvejende del af transport egenskaberne for IS.

Hovedkonklusionen er at revner ikke generelt ajndrer radon indtraengning til
huse. Kun i det tilfaelde hvor jorden er udsat for ekstremt store tryk-gradienter,
relativt til de tryk-gradienter et hus patrykker jorden, er det muligt at observere
en effekt af radon udvekslingen mellem revner og matrix.
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