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ABSTRACT

We describe the experimental approach, structures, and instrumentation of a
resecarch project on radon generation and transport in soil and entry into basements,
The overall approach is to construct small precisely-fabricated basements in areas of
different geology and climate, to control the pressures and ventilation rates in the
structures, and to monitor radon concentrations and other relevant parameters over a
period of one year or more. Two nearly air-tight structures have been constructed at
the first site. The floor of each structure contains adjustable-width slots that serve as
the only significant pathway for advective entry of radon. A layer of gravel
underlays the floor of one structure; otherwise they are identical. The structures are
instrumented for continuous or periodic monitoring of soil, structural, and
meteorological parameters that affect radon entry. The pressure difference that
drives advective radon entry can be maintained constant or varied over time. Soil gas
and radon entry rates and associated paramecters, such as soil gas pressures and radon
concentrations, have been monitored for a range of steady-state and time-varying
pressure differences between the interior of the structure and the soil. Examples of
the experimentally-measured pressure and permeability fields in the soil around a
structure are presented and discussed.

INTRODUCTION

The surrounding soil is usually the dominant source of radon (?22Rn) in
buildings with even moderately elevated radon concentrations {(Nazaroff and Nero
1988). Radon is produced within the soil by the radioactive decay of radium and is
transported through soil by molecular diffusion and the advective (pressure-driven)
flow of soil gas. Pressure-driven flow of soil gas into structures, through cracks,
joints, and holes that extend between indoors and the soil, is considered to be the
dominant process of radon entry into most buildings with moderate or high radon
concentrations. The few Pascal pressure differences that drive this entry result
primarily from the reduced density of heated indoor air relative to the density of
outdoor air (i.c., the stack effect), wind, and mechanical systems, such as exhaust
fans, that cause a net flow of air to outdoors. According to model predictions
(Narasimhan et al. 1990, Tsang and Narasimhan 1991), radon entry can also be driven
by fluctuating barometric pressure.

The process of radon entry into houses with basements has previously been
investigated experimentally, in part, by long-term monitoring of numerous
parameters in occupied houses (sece, for example, Turk et al. 1990 and Dudney et al.
1989). Parameters monitored include radon concentrations indoors and in the soil,
soil permeability, pressure differences, indoor temperatures, furnace operation, and
outdoor environmental conditions. Some of these field studies included analyses of
the radon sources, including the radium content of soil samples, the radon exhalation
rate from building materials, and the concentrations of radon in the domestic water
supply. Although much valuable information has been obtained through these
studies, they have not provided data suitable for fully developing and validating
theories and models of radon entry. Some important information is not readily
obtainable in ficld studies of existing houses. Examples of such information are the
nature and location of penetrations in the basement substructure that connect to the
soil and the permeability of backfill and aggregate adjacent to the exterior surfaces
of basements. In addition, experimental manipulation of the driving forces for radon
entry and installation of large numbers of probes within the soil are not practical at
the site of occupied houses,

Radon entry processes have also been investigated through the development
and use of models (primarily numerical models) of soil gas and radon transport.
Early numerical modeling includes that by Scott (1983), Eaton and Scott (1984),
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DSMA (1985), Dimbylow (1987), Loureiro (1987), and Mowris and Fisk (1988). These
carly models do not account for many potentially important factors such as the
spatial variability of critical soil properties, transient flow, and the impact of
buoyancy forces on flow. In addition, as stated previously, these models have not
been validated.

RESEARCH APPROACH AND STATUS

To substantially advance our understanding of radon transport in soil and
entry into basements, an interdisciplinary research project, called the "Small
Structures Project", with complementary experimental and modeling components, was
initiated in 1988. Fisk et al. (1989) provide an early status report on this research
project. Specific objectives include determinations of the mechanisms of radon entry
and the dependence of radon entry on: (1) soil characteristics including soil
permeability, radium content, radon emanation, soil moisture, and heterogeneity; (2)
building characteristics including the size and location of penetrations to the soil and
the presence of subslab aggregate; (3) steady-state and time-varying indoor-outdoor
pressure differences caused by a variety of factors; and (4) climatic/environmental
factors such as precipitation and barometric pressure changes. Project objectives also
include the development and validation of advanced models of radon entry.

The basic experimental approach is to monitor the rate of radon entry into
small (6.4 m? floor area) precisely-fabricated basements (called small structures). The
soil surrounding the structures is sufficiently permeable for appreciable advective
soil gas and radon entry. The soil is extensively characterized. Relevant temporally-
variable characteristics of the soil, structure, and climate are simultaneously
monitored. The pressure differences that drive radon entry, the structure ventilation
rate, and the size and locations of openings between the interior of the structure and
the soil are controlled. By intentionally varying certain experimental conditions, such
as the magnitude of applied depressurization or the size and location of openings to
the soil, we can study the impact of these conditions on the radon entry rate and on
the coincident pressure fields and radon concentrations within the soil. Repeating
experiments at different times of year, permits us to track naturally varying
parameters, such as soil moisture and permeability, and to determine the impact of
these parameters on radon entry rates. The future construction of similar structures
at different sites will permit us to examine the influence of geology and climate on
radon entry.

Numerical modeling complements the experiments. The approach is to upgrade
and validate both steady-state and transient models of soil gas and radon transport.
Model predictions advance our understanding of the significance of different
mechanisms of radon entry and indicate the influence of various geologic, building
and climatic factors on entry rates. An interactive process of modeling and
experimentation provides data for evaluating the models and also yields model
predictions that serve to guide the experimentation.

The status of research within this project is as follows. The first site has been
selected and characterized. The site is located at 790 m elevation on the top of a
broad ridge in the Santa Cruz Mountains approximately 10 miles north of the city of
Santa Cruz (Wollenberg et al. 1990). The soil is a residual sandy loam developed from
weathered quartz diorite (Leo 1967, Bowman and Estrada 1980). Soil permeability
ranges spatially between approximately 10-!3 m2and 10-1! m2, Radium concentrations
range between 30 and 40 Bq/kg. Flexser and Wollenberg (1992) describe the selection
and characterization of the site and present an approach for determining the location
of uranium in soil grains, which, in turn, affects the amount of radon that emanates
from the sites of radium into the pore spaces between soil grains. At this site, we
have constructed two small structures, which are identical except for the presence (or
absence) of a layer of aggregate beneath the concrete slab floor. The instrumentation
system for one structure is complete and experiments have been underway for
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approximately one year with interruptions as required to correct problems or add
capabilities. We are currently fabricating the instrumentation system for the second
structure.

Numerical modeling has preceded the collection of associated experimental
data. The steady-state numerical model is described in detail by Revzan et al. (1991).
This paper also provides an initial assessment of the impact of buoyancy forces,
caused by heat loss from the basement, on radon entry. Revzan and Fisk (1990) and
Revzan et al. (1991b) describe numerical predictions of the influence of structural
factors on radon entry into houses with basements and houses with a particular type
of slab-on-grade floor, respectively. Narasimhan et al. (1990) and Tsang and
Narasimhan (1991) describe modeling of transient soil gas and radon entry into
basements, driven by atmospheric pressure fluctuations with amplitudes of tens of
Pascals and various periods. These papers indicate that transient radon entry is
important in some situations. The remainder of the present paper focuses on a
description of the structures, instrumentation, and experimental procedures. Examples
of the experimental data are presented and discussed. In a companion paper, Garbesi
et al. (1992) describe the results of the initial experimental investigation of steady-
state soil gas transport driven by a steady pressure difference, compare the
experimental results to predictions of a steady-state numerical model, and discuss
possible explanations for the substantial discrepancy between measured data and
predictions.

STRUCTURE DESIGN AND CONSTRUCTION

Design Objectives

A major objective was to construct very precise structures so that uncontrolled
structural features would not prevent accurate assessments of the effects of
site-specific variables, such as soil properties, on radon entry. Consequently, we
required precise control of the size and location of openings between the interior of
the basements and the soil as well as a well-defined structure geometry. Extremely
air-tight structures were also required. Air tightness is quantified by the effective
leakage area (Sherman 1985) which is the area of a single leakage path between
indoors and outdoors that has the same resistance to air flow as all actual leakage
paths. Structures with less than 2 cm? total effective leakage arca were required for
two reasons. First, a small effective leakage area limits the rate of air lecakage
between the structure and outdoors, so that the structure ventilation rate is readily
controlled and measured using a small mechanical ventilation system with mass flow
controllers. Second, the small leakage area permits indoor pressure control by
mechanically supplying and withdrawing air at moderate but different flow rates. To
simplify monitoring of backfill properties and the associated modeling, design
objectives also included homogeneous soil in the backfill zone adjacent to the
basement walls, with a permeability similar to that of the in-situ soil. Finally,
because models indicate that the permeability of the soil or other material (e.g.,
aggregate) immediately adjacent to the exterior surfaces of the substructure has a
large influence on the rate of soil gas entry, we required minimal compaction (during
construction) of the existing soil beneath the basement floor and fabrication of two
structures, one with and one without aggregate beneath this floor.

Description of Structures

A diagram of a cross section of a structure is provided in Figure 1. The
basement floor dimensions are 3.2 m by 2.0 m and the ceiling height is 2.1 m. The
reinforced concrete floor and footing was fabricated (i.e., the concrete poured) at the
site as a single unit. The installation of a prefabricated floor-footing system in the
excavation was considered; however, we suspected that such a construction process
would yield an atypical interface with the soil , with gaps due to an imperfect fit to
the excavation.
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Typical basement design and construction results in a shrinkage gap between
the floor slab, footing, and basement walls as well as openings around pipes and
conduits that extend into the soil. However, these openings are not readily
reproducible and are very difficult to characterize. These unintentional openings
have been minimized by sealing the base of a prefabricated, one-piece, concrete wall
system, consisting of the four walls, into a keyway formed in the top of the one-
piece floor-footing unit. The junction between the walls and the floor-footing unit is
secaled with a grout that expands slightly during hardening and with a urethane
sealant. The exterior surfaces of the walls were sealed (water-proofed) with a
polyurethane coating. To approximately simulate a typical shrinkage gap, the
concrete floor slab contains six openings to the soil 1.0 m long and 0.07 m wide
approximately 0.35 m from the periphery of the floor. Adjustable-width slots that
provide openings to the soil are sealed into these openings. The lower edges of the
slots contact the subslab soil or aggregate. The slots consist of pairs of precision (i.e.,
very flat) aluminum plates separated by precision shims, bolted together, and sealed
into the openings through the slab floor. Using different sets of shims, the plate
spacing (slot width) can be 0.13 mm, 0.64 mm, 3.2 mm, and 12.7 mm with a tolerance
of approximately 0.03 mm at the smallest spacing and 0. mm at larger spacings. The
assemblies of plates are sealed into the openings using a combination of flexible
foam rod, duct seal, and a flowable urethane sealant designed to adhere to concrete.
Laboratory tests confirmed that there is negligible leakage through this type of seal.
Using a test stand in the laboratory, the relationship between flow through the slots
and pressure drop has been measured. As shown in Figure 2, for slot widths of 0.13
mm and 0.64 mm, the measured pressure drops coincide with theoretical predictions
within seven percent. With the slot width of 3.18 mm (data not shown), the pressure
drops are too small (0.5 to 3.5 Pa) for highly accurate measurements and the
measured pressure drops exceed predictions by as much as 35%. However, with such a
wide slot, the pressure drop across the slot will be negligible compared to the drop in
pressure in the soil (Mowris and Fisk 1988).

The roof is fabricated from two sheets of aluminum welded together and
reinforced with aluminum channel on its exterior surface yielding a smooth interior
surface that is easily sealed to the top of the walls. A gasket is installed between the
top of the walls and the aluminum roof and this junction is also closed with a
secalant. Water that collects on the roof is directed away from the structure through
flexible plastic pipe. An access hatch is installed in the roof. Tests of air leakage
between the interior of the structure and outdoors (with the slots sealed) using the
method of Sherman (1985) yielded a total effective leakage area of 0.24 cm?,

A trailer adjacent to the structures houses most of the instrumentation. Two
electrical conduits, buried slightly below grade, connect the interior of each structure
to the trailer. These conduits contain wires for instrumentation and electrical power,
tubing for structure ventilation and pressure control, and tubing connected to the soil
probes. The conduits are sealed at the basement end. High-voltage wiring for power
and low-voltage signal wiring for instruments are directed through different conduits
to prevent electrical interference.

The soil walls of the excavation were vertical and supported by shoring
during construction. The region between the exterior surfaces of the concrete
basement walls and the surfaces of the excavation (backfill zone width of 0.7 m to
0.9 m) was backfilled with a blend of the excavated soil. To control the backfill
properties, the blend of excavated soil was emplaced in approximately 0.3 m thick
layers and compacted mechanically. Compaction was monitored and controlled by use
of gamma-ray and neutron measurements of density and moisture content,
respectively. Based on 26 field measurements, the dry density of the backfill
averages 1400 (+ 50) kg/m3 [+ one standard deviation] and the relative compaction
of the backfill, with respect to maximum dry density, is 84 (+3) %. Multipoint
measurements on numerous occasions indicate that the backfill permeability varies
spatially over a range of approximately six.

We specified a subslab gravel layer with a uniform 0.1 m thickness for the
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structure with subslab aggregate; however, based on measurements of gravel thickness
where probes penetrate through the slab floor, the thickness ranges from 0.06 m to
0.2 m. Fortunately, our numerical modeling indicates that variations in gravel
thickness over an even larger range (0.01 m to 0.3 m) affect the radon entry rate by
only 20% when the soil permeability is 10-1! m? (Revzan and Fisk 1990). To prevent
concrete from filling any of the interstitial spaces within the aggregate or seeping
into the surface of the soil (for the basement without sub-slab gravel) and to
conform with typical construction practice, a polyethylene membrane was placed on
the upper surface of the sub-slab gravel or soil prior to pouring the concrete. After
construction, the membrane was removed at the bottom of each opening for a slot.

Gravel Permeability

The permeability of the gravel emplaced beneath the slab floor of one
structure was measured in the laboratory. To perform the measurement, a vertical 3.7
m long section of plastic pipe with an internal diameter of 0.10 m was filled with a
sample of this gravel (called 3/8 inch pea gravel). Air was forced through the column
of gravel at several flow rates whi'e measuring the flow rate using a dry test meter
with an estimated accuracy of + 3%. The pressure difference between the two ends
of the column was measured using an electronic micromanometer with an estimated
accuracy of + 0.5 Pa. The resulting relationship between pressure drop per unit
length and air velocity is shown in Figure 3. Based on the figure, the relationship is
nearly linear for the lowest three velocities. A linear relationship between velocity
and pressure drop is indicative of Darcy flow (see Scheidegger 1960), thus, the
permeability (k) was calculated using a rearranged version of Darcy’s Law

k =Vul / AP (1)

where V is the bulk air velocity, u is the dynamic viscosity, L is the length of the
gravel column, and AP is the pressure difference. The resulting permeability is

approximately 1.7 X 10°8 m?,

Darcy’s Law is generally considered valid for flow of a non-adsorbing gas
through a permeable media if the associated Reynolds Number (Re) is below some
limit. However, the reported maximum value of Re for Darcy flow ranges from 0.1
to 75 (Scheidegger 1960). Re is defined as follows

Re=VDpp/pé (2)

where Dp is the particle size, p is the fluid density, and ¢ is the porosity of the
permeable media. The value of Dy is not clearly defined for a media with a range of

particle sizes. We can calculate approximate values for Re using a typical diameter
for the gravel particles of 0.008 m, determined from inspection and measurement,
and a typical porosity of 0.4. The values of Re for the four left-most data points on
Figure 3 are approximately 10, 18, 25, and 31, respectively. Based on these
calculations and a visual inspection of the velocity-pressure drop relationship shown
on Figure 3, flow in this gravel does not deviate substantially from that described by
Darcy’s Law until Re exceeds 25 or 30. However, significantly different Re values
could be calculated because no specific criteria exist for distinguishing between
Darcy and non-Darcy flow and no criteria exist for selecting the particle diameter
used in the calculation of Re.

MEASUREMENTS AND INSTRUMENTATION

Requirements

To meet project objectives, a large number of parameters relevant to radon
entry must be measured periodically. The required frequency of measurements varies
greatly. Pressures differences between the interior of the structure and either the soil
or the outdoor air can change rapidly and must be measured on a relatively short
time scale such as fractions of a minute to hourly. Significant variations in
atmospheric pressure, indoor and soil-gas radon concentrations, soil permeabilities
and moisture contents, and the temperatures of indoor and outdoor air and soil will
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occur on a longer time scale that may range from tens of minutes to more than a
week. Some parameters, such as soil permeability, soil-gas radon concentration, soil
temperature, soil moisture content, and indoor-to-soil pressure difference vary
substantially with location in the soil, thus, multi-point measurements are required
throughout a large region of soil. In addition to these requirements for measursments,
the instrumentation and control system must be capable of controlling the structure
ventilation rate and the pressure difference that drives soil gas and radon entry (i.e.,
the difference between the indoor pressure and the pressure in the soil) via control
of the rates of air flow into and out of the structure. For some experiments, we
require very stable ventilation rates and pressure differences; however, to study
transient radon entry we require dynamic control of the pressure differences that
drive soil gas and radon entry. Table 1 lists the major parameters measured, the
measurement ranges, maximum desired uncertainties, and the types of
instrumentation used. The probes and instrumentation are described in the following
paragraphs.

Permeability, Pressure, and Radon Concentration Measurements (well-screen probe)

A multi-purpose probe and associated measurement techniques were developed
to monitor the pressure, permeability, and radon concentration at 32 locations in the
soil surrounding the structure as depicted in Figure 1. To measure pressure in the
soil, the probe is connected to a pressure transducer by opening a solenoid valve
during a period with no flow through the probe. To measure the soil-gas radon
concentration, a soil gas sample is drawn through the probe at approximately 200
cm3/min into a continuous radon monitor (probes are selected by opening solenoid
valves). Soil permeability is measured by drawing soil gas through the probe and
simultaneously measuring the soil gas flow rate and pressure in the probe.

Using one probe to measure three parameters reduces in the number of probes
that need be fabricated and installed but results in three sets of design constraints
for a single probe. To prevent the weight of air columns within tubing from
interfering with accurate pressure measurements, the tubing connecting the probe to
the pressure transducer must not have any vertical sections, or the temperature of
air in vertical sections must be precisely known. For accurate permeability
measurements, in addition to the same pressure measurement constraint, a
well-defined soil-probe interface is required that does not change with time and any
physical disturbance of the soil surrounding the probe should be minimized. In
addition, a clear majority of the measured pressure drop must occur in the soil (not
in the probe). Finally, to measure the soil-gas radon concentration without changing
the concentration, the internal volume of the probe must be reasonably small to limit
the volume of soil gas required to purge the probe during sampling.

To meet these objectives, a new type of probe was designed and fabricated.
This probe uses a cylindrical stainless steel well screen (15 cm long, 2.13 cm outer
diameter) welded on one end to nominal 1/2 inch pipe (2.13 cm outer diameter) and
welded on the other end to steel driving points. The diameter of the probe was based
on the minimum size of commercially-available well screens. The well screen is
fabricated from wire that is wound like the wire of a spring in a spiral pattern. Air
can flow through the spiral gap which is smallest at the outside diameter of the well
screen due to the use of wire with a triangular cross section (this configuration is
designed to inhibit plugging of the well screen with sediment during normal use in
water wells).

Prior to developing the well-screen probe, soil permeability was generally
measured with a pipe-end probe (Turk et al. 1990). A small, high-permeability cavity
is created in the soil at the end of the pipe-end probe. Relative to the pipe-end probe,
the well-screen probe has two major advantages for permeability measurement. First,
the soil-probe interfac- of the well-screen probe (i.e., direct contact between the soil
and the well-screen)  better defined and temporally more stable than the cavity at
the end of a pipe-end probe. Second, the well-screen probe measures the permeability
of a much larger region of soil, consequently the permeability measurement is less
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affected by the highly localized perturbations in soil permeability at the soil-probe
interface. The volume of soil associated with the permeability measurement by each
probe is estimated as follows. We represent the pipe-end probe approximately by a
spherical cavity with diameter D, equal to the diameter of the pipe, surrounded by
an infinite-diameter sphere of homogeneous soil. For this geometry, a closed form
solution for the flow versus pressure drop relationship (Carslaw and Jager 1959)
indicates that 90% of the pressure drop will occur in a sphere of soil with diameter
10D and volume of 524D3. In contrast, with a well-screen probe of the same diameter
and a well-screen length of 7.05D (the configuration of our probe), 90% of the
pressure drop occurs in an approximately-spherical soil region with a diameter of
28D and volume 11700D3 , which is a 22 times larger volume. (This volume was based
on a pressure field prediction of the numerical model described by Narasimhan et al.
1990. )

Most probes are installed horizontally, pass out of the structure through the
walls, and therefore do not require any vertical sections of tubing between the probe
and pressure transducer which is mounted within the structure at the same elevation.
Vertical probes were obviously required for measurements below the slab floor. The
seven probe depths are: (1) 0.25 m below the soil surface, (2) 0.8 m depth which is
mid-depth of the wall, (3) slab depth of approximately 1.6 m, and (4) 0.24, 0.50, 1.7,
and 24 m below the slab floor. The horizontal probes were installed with well
screens located three distances from the structure, one in the backfill zone near the
structure, the others approximately 1.7 and 2.4 meters from the wall. There is one
additional horizontal "reference probe" used to reference the structure pressure to a
region in the soil which is almost uninfluenced by the structure (approximately 5
meters from the structure at the level of the slab floor).

To calculate soil permeability from the measured pressures and flow rates in
the well-screen probes, the probe shape factor must be known. The shape factor S is
a proportionality constant in the relationship between flow rate Q and pressure drop
AP, as indicated by the following equation

Q=S k AP / u. (3)

The shape factor depends on the probe geometry, i.e., the length and diameter of the
well screen. In addition, S depends (to some extent) on the location of the probe
relative to the structure and soil surface and on the probe orientation (vertical or
horizontal). We used a numerical model (Narasimhan et al. 1990, Tsang and
Narasimhan 1991) to compute values for S assuming homogeneous and isotropic soil.
The shape factor was computed for the installation conditions at the first site and,
for these conditions, the shape factor varied from 0.29 to 0.35 m. This range is very
small relative to the range in soil permeabilities, consequently, we use a value of 0.3
m for all permeability calculations.

Soil Moisture Measurement

Soil moisture content affects the permeability of the soil and soil-gas radon
concentrations. In addition, movement of water within the soil may cause pressures
that influence soil-gas entry rates. We employ a technique known as Time Domain
Reflectrometry (TDR) to obtain the moisture content from the electromagnetic pulse
reflected by a waveguide implanted in the soil. The measurement technique,
described by Topp and Davis (1985), is based on the change in dielectric constant of
soil associated with a change in soil moisture content. The waveguide consist of
three parallel 20 cm-long stainless steel rods spaced approximately 2.5 c¢cm apart.
Presently, we automatically measure soil moisture at a single location twice per day.
On several occasions, the probe has been manually placed at a variety of locations
for measurements. We are presently deploying new hardware and software by the
TDR vender which permit automated measurements at multiple locations and depths
below the soil surface.

Temperature Measurements
Soil temperatures are monitored to allow examination of the importance of
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buoyancy-driven soil-gas flows on radon entry and to determine the contribution of
soil gas temperature variations to the indoor-to-soil pressure differences. We expect
soil temperatures to vary slowly over time, to vary with depth, and to vary with
distance from the structure if the structure temperature is distinct from the
temperature of the undisturbed soil. Thermocouples were inserted in two vertical
plastic pipes installed in the soil, one in the backfill region approximately 0.4 m from
the structure, the other in the undisturbed soil approximately 5 m from the structure.
Each pipe has thermocouples located approximately 20, 100, 180, and 240 cm below
the soil surface. Vertical heat conduction within the pipes was minimized by filling
the pipe with dry sand and sealing the top after thermocouple installation. We also
use thermocouples to measure the temperature of the air within the structure at two
locations and the temperature of the inner concrete surfaces of the structure at four
locations.

Radon Concentration Measurements

Accurate radon concentration measurements are critical for this project. We
use one continuous radon monitor (CRM) as described by Nazaroff et al. (1983) to
measure the radon concentration in the indoor air which is vigorously mixed with a
fan, a second CRM to measure the concentration of radon in the soil gas that enters
through the slots, and a third CRM to measure radon concentrations in soil-gas
samples drawn from the well-screen probes.

The measurements of soil-gas radon were a design challenge due to the need
to monitor samples from numerous locations with a single (or small number of)
CRMs. In the conventional measurement protocol with a CRM, counts from the
radon and radon-progeny decays within the scintillation cell of the CRM are
accumulated for a thirty minute period with continuous flow of a sample stream
through the cell. The 30 minute period is too great for experiments that require
frequent radon measurements at a substantial fraction of the 32 measurement
locations. In addition, a short sampling and counting period is desired to minimize
the amount of soil gas withdrawn from the soil because excessive sample volumes
could affect radon concentrations within the soil and cause above-grade air to be
drawn into samples from near the soil surface.

The time required for soil gas radon measurements is reduced by purging one
probe and the associated tubing of the prior (old) soil gas sample while
simultaneously counting alpha decays in the sample drawn from the previously-
purged probe. Minimization of the duration of the sampling and counting period,
necessitated adoption of a measurement and data analysis procedure that accounts
for the radioactive decay of radon progeny deposited on scintillation cell walls
during previous measurement periods (Busigin et al. 1979). A dynamic calibration of
the CRM was required (i.e.,, a recording of performance during periods of known
rapid changes in radon concentration). To determine measurement uncertainty as a
function of the duration of the period of sampling and counting, statistical analyses
were performed as described by Modera and Bonnefous (1991). In the final protocol
selected for most experiments, the duration of the sampling and counting period is
eight minutes and the integrated number of counts is read and stored every minute
during the eight-minute period. Typically, radon concentration is monitored three
times per day at twelve of the 32 probe locations .

To draw a representative sample of soil gas entering through the slots into a
CRM, the sample is drawn from 12 equal-length small-diameter sample tubes inserted
in the slots. The sample flow rate from the slots is only 20 cc/min, a small fraction
of the soil gas entry rate. Laboratory experiments confirmed that the CRM performs
properly with this low sample flow rate (the normal sample flow rate is 200
cc/min).

Measurement and Control of Ventilation and Sample Strcam Flow Rates
Mass flow controllers regulate and monitor the flow rates of air supplied to
and exhausted from the structure. The structure is depressurized by maintaining a
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larger exhaust than supply flow. Control of the depressurization is typically via
modulation of the exhaust flow rate. Generally, we control the pressure difference
at slab level between the interior of the structure and the end of the five-meter-long
horizontal well-screen probe (i.e., the reference probe) which extends substantially
outside of the region of influence of the structure. The data acquisition and control
system (described subsequently) uses a proportional-integral-differential control loop
to control the depressurization. Structure depressurizations up to 100 Pa are possible,
resulting in measurable depressurizations at all probes. The control system also
permits the depressurization to be varied over time for studies of transient radon
entry.

Another mass flow controller regulates and monitors the rates of flow from
the well screen probes. The flow rate data are used to compute soil permeabilities.

Meteorologic Parameters

Standard methods described in Table 1 are used to monitor outdoor
temperature, wind speed, and precipitation. However, the barometric pressure
transducer is unusually sensitive. This transducer has a 0.2 Pa sensitivity out of 10°
Pa total atmospheric pressure. A high sensitivity is required to assess the impact of
small changes in barometric pressure on radon entry rates.

Data Acquisition and Control

Automated measurements and control of experiments are accomplished with a
data acquisition/control system based on an IBM-AT compatible computer with
plug-in input and output cards and commercial multi-tasking data acquisition
software. The data acquisition software allows for several independent tasks to be
programmed, including: control of pressures in the structure; continuous routine data
acquisition; and periodic permeability, soil-gas radon and soil moisture measurements.
Continuous da.: acquisition, which includes pressure, temperature and weather
measurements, can occur at any frequency lower than 10 Hz.

Instrumentation System Problems

One atypical instrumentation-system problem is the occasional flow of ground
water into manifolds and valves connected to the well-screen probes. We believe that
we have solved this problem by installing collection vessels (plastic bottles) at the
structure-ends of affected probes. Water drains into the vessels through tee
connections; however, the sample streams do not flow through the vessels. Another
unusual problem is condensation of water from the moist soil gas samples when the
sample tubing passes through a region with a temperature below soil temperature (i.e.,
during the winter). A system has been added to condense water from the sample
streams directed to the CRMs. In addition, we have added heat tape to increase the
temperature of conduit that encloses the sample tubing where this conduit is exposed
to outdoors. These measures have reduced condensation problems; however, further
experience is required to determine if the problems have been eliminated.

EXPERIMENTS

Experimental Approaches

Our experiments are designed primarily to examine the relationships between
the controlline parameters, such as soil prcoerties and structure depressurization, and
the resulting pressures and radon concentrations in the soil plus the soil gas and
radon entry .ates. The impact of site-to-site differences in soil conditions on radon
entry and on the other measured variables will, in the future, be determined by
comparing the data obtained from identical structures and operating conditions at
the different sites. Similarly, the effects of subslab aggregate will be determined via
a comparison of the data from the two differcnt structures located at the same site
in a region with relatively homogeneous soil.
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At cach site, our plans include cycling between a number of different
methods of controlling the indoor-outdoor pressure difference while other parameters
are constant, vary naturally (e.g., soil moisture), or are intentionally modified (e.g.
slot width). To date, the duration of the operational cycles has been approximately
one to three weeks.

In one mode of pressure control, the structure depressurization at slab level is
maintained constant with respect to the pressure in the soil at the end of the five-
meter-long reference probe. This has been the primary mode of operation to date. In
this mode, the impact of atmospheric pressure fluctuations on soil gas entry is
reduced compared to the case with a constant indoor-outdoor pressure difference at
the soil surface. The pressure difference is usually maintained between 20 and 100
Pa, which is large compared to the typical depressurization of houses, in order to
increase the magnitude (and thus increase measurement accuracy) of the resultant
changes in soil gas pressures and radon concentrations. By varying the pressure
difference, we are checking for the expected linear increase in soil gas entry rate
with pressure difference and quantifying the decrease in entering soil gas radon
concentrations when soil gas velocities are high.

In another control mode, not yet utilized, the indoor-outdoor pressure
difference will again be maintained constant but the reference outdoor pressure will
be at the soil surface. The driving force for soil gas and radon entry will, in this
case, be influenced by the time lags between variations in atmospheric pressure and
soil gas pressures. We may find evidence of temporal variations in radon entry rates
and periodic pumping of soil gas into and out of the basements through the
penetrations to the soil.

We have completed two types of transient experiments. In one case, the
indoor-outdoor pressure difference is changed abruptly and data are collected
rapidly as the measured parameters such as soil-gas pressures, soil-gas radon
concentrations, and radon entry rates, respond to this step change. In another control
mode, the indoor-outdoor pressure difference is varied in a sinusoidal manner, to
simulate barometric pressure variations, check for time lags and phase shifts in the
pressures within the soil, and monitor the effects on soil gas radon concentrations.
To date, the period of the oscillation has been either very short (fractions of a
minute) or twelve hours.

in yet another mode of operation (not yet used), designed primarily to
investigate the importance of buoyancy-driven flow of soil gas, we will raise the
temperature within the structure substantially (e.g. 20 °C) above soil temperatures for
a sufficient period to raise soil-gas temperatures near the substructure. With the
clevated indoor temperature, the indoor-outdoor pressure difference will be
maintained coastant using the mechanical ventilation/pressure control system or, at
other times, allowed to float naturally. When the indoor-outdoor pressure difference
floats, we expect to obtain information that helps to explain diurnal variations in
indoor radon concentrations. Data from periods with a constant indoor-outdoor
temperature difference will be compared to similar data from periods without an
elevated indoor temperature to indicate the effects of buoyancy-driven flow on
radon entry.

A variety of additional experiments have been undertaken. These include
experiments to evaluate radon entry by diffusion and to characterize the structure.
We also plan experiments to evaluate proposed diagnostic techniques for studying
radon entry in actual houses, and experiments to validate models of radon mitigation
system performance.

Examples of Experimental Results

Figure 4 shows the pressure field and soil permeability field in the soil
around the structure. The pressure data were collected during an experiment with the
interior structure pressure at slab level maintained approximately 22 Pa below the
pressure at the slab-level reference probe. The pressure field is indicated by values of
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percent pressure coupling which equal the depressurization in the soil expressed as a
percentage of the 22 Fa depressurization of the structure. In most respects, the
pressure coupling pattern corresponds qualitatively with expectations and numerical
predictions (Revzan et al. 1990) for a depressurized basement with a layer of subslab
aggregate. Because of the high-permeability aggregate layer, there is not a steep
pressure gradient near the siots. Instead, the pressure coupling just beneath the
aggregate layer is nearly 100% which indicates that the pressure drop in the slots
(width = 3.17 mm) and in the aggregate is negligible. In general, the pressure
coupling decreases gradually with distance from the aggregate. The pressure coupling
should decrease with horizontal distance from the walls of the structure if the soil
and backfill have the same homogeneous isotropic permeability. Inconsistent with
this expectation, near the soil surface the measured pressure coupling actually
increases slightly with distance from the structure, especially on the south side of the
structure. Because the same pressure transducer is used to measure all pressures at the
same elevation, this deviation from our expectations is unlikely to be caused by
measurement error. (The error estimates on the figure are useful for assessing the
significance of differences in pressure coupling measured with different pressure
transducers at different elevations). However, the non-uniform soil permeability, in
particular the generally higher permeability of the undisturbed soil relative the
permeability of the backfill, is a possible explanation for the increased pressure
coupling further from the structure walls. Garbesi et al. (1992) discuss the pressure
field data in more detail and show that the measured pressure field and the
associated soil gas entry rates deviate substantially from quantitative predictions
made with a numerical model.

The permeabilities shown on Figure 4 vary over more than two orders of
magnitude from 2 x 10-13 m2 to 270 x 10-13 m2. The backfill permeability is relatively
uniform and tends to be lower than the soil permeability at the same elevation. At
several locations within the deep soil, the permeability is low enough (e¢.g., 2 x 10-13
m? ) to preclude significant convective flow of soil gas and radon at that location.
The spatial pattern of measured soil permeabilites is consistent with our
understanding of the structure of the soil based on analyses of soil core samples and
observations of the soil walls of the excavations (Wollenberg et al. 1990). The upper
one-to-two meters of soil is extensively weathered. All the measured permeabilities in
this region exceed 10-12 m2, except for one measured value at approximately two
meters depth. Below approximately two meters depth, differential weathering of the
parent quartz diorite has resulted in zones that range from a highly decomposed soil-
like media to relatively intact highly-weathered rock (soft enough for manual
excavation with a shovel). Some of the measured permeabilities in this deeper soil
are very low, e.g.,, 2 x 1013 m? | We would expect these low permeabilities in the
zones that are less extensively weathered.

At two locations, the percent pressure coupling is appreciable (38%) but the
measured permeability is only 2 x 10-13 m2. These data could be from regions of low
permeability soil surrounded by much higher permeability soil. The pressure in such
low permeability regions will approximately equal the average of the surrounding
pressures. However, these data are inconsistent with the existence of an unbroken
low-permeability layer of soil located between the slab floor and the measurement
location.

Figure 5 shows the steady state Rn concentrations in the soil and also in the
soil gas that enters through the slots. These data were collected during the previously
referenced experiment with a 22 Pa depressurization. As expected, concentrations
increase with depth below the soil surface. This general trend may be explained by
Rn diffusion from the surface soil to the atmosphere and air flow into and out of
the surface soil driven by atmospheric pressure changes. However, the large
difference between the radon concentrations of 20 to 30 kBq m-3 at approximately
one and two meters depth and concentrations of 100 kBq m-3 at four-to-five meters
depth is surprising. Based on modeling by Revzan et al. (1991) for soil with a
uniform Ra concentration and emanation fraction and a permeability less than 10-10
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m32, we did not expect substantial increases in soil gas Rn concentration below the
level of the slab floor. Measured Ra concentrations and emanation fractions in the
soil between 1.5 and 6 m depth vary by only 25% (Fisk et al. 1989) and ,therefore, do
not explain these findings. Possibly, the soil gas flow may be substantially decreasing
radon concentrations in the soil »t clevations above the slab floor because the
measured flow is much greater than predicted for a soil with a homogeneous and
isotropic permeability equal to the average measured permeability (Garbesi et al.
1992). This potential explanation is being investigated.

SUMMARY

In summary, we have designed and fabricated structures and an instrumentation
system specifically for research on soil gas and radon entry into basements. This
facility is unique in several respects: (1) the pressure differences that drive soil gas
entry are experimentally controlled; (2) leakage paths to the soil are controlled; and
(3) the instrumentation is extensive and yields the pressure fields and radon
concentration fields in the soil as well as soil gas entry rates. Consequently, the
facility is ideally suited for evaluation and verification of radon entry models and
for investigations of the dependence of radon and soil gas entry rates on
characteristics of the soil and structure, and on indoor-to-soil pressure differences
and atmospheric pressure fluctuations. Experiments have been underway for
approximately one year to investigate the rate of advective and diffusive entry. The
associated pressure and radon concentration fields in the soil have been mapped as a
function of the depressurization of the structure and the seasonally-varying soil
properties. Investigating substantial discrepancies between the measured data and
predictions of numerical models is a major present focus of this research project.
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Table 1. Parameters Measured and Measurement Methods

Parameter(s) Range Target Max Measurement

[# of locations] Uncertainty Method/Instruments

Indoor-to-soil pressure 0-100 Pa 0.1 Paor2% Electronic pressure

difference [33]* transducers

Indoor-to-outdoor 0-100 Pa 0.1 Paor 2% Electronic pressure

ressure difference [1] transducer

Barometric pressure [1] 096-106x10°Pa  1Pa Electronic pressure
traprsducer

Soil permeability [33]* 10°13- 10 m? 30% Measure pressure and flow
in probes*

Soil temperature [4) -20 to 40°C 0.5°C Thermocouples at 4 depths

and backfill temp. [4] in probes inserted into soil
and backfill

Soil moisture content [1}f 0 - 0.6 m3/m3 0.03 m3/m3 Time domain reflectometry
(see text)

Soil gas Rn conc. [33)* >20 Bq/m3 10% (above Continuous radon monitor

200 Bq/m?)

Indoor Rn conc. {1] " " "

Rn conc. in slots [1] " " "

Air flow rate into 5-50 L/min 0.5 L/min Mass flow

and out of structure meters/controllers

Outdoor temperature [1]  -20 to 40°C 0.5°C Aspirated thermocouple

Wind speed Otom/s 03m/s Cup anemometer

Precipitation 0-5cm/hr 0.1 cm/hr Tipping bucket rain gage

* 33 possible measurement locations in soil surrounding structure; location selected via manifolds and
solenoid valves.

*+ Using electronic pressure transducers and mass flow meter/controller.

§ One location at present; measurements at multiple locations and depths are planned.
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Figure 1. Cross-sectional view of the structures. The illustration shows pairs of closely-spaced probes that are actually located one behind the other,
separated by distances of approximately 0.6 m. In addition, horizontal probes extend out from all four walls in the same pattern. The total number of

probes is 32.
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Figure 2. Measured and predicted pressure drop versus flow rate in slots of width
0.13 and 0.64 mm. The prediction is via the equation AP = { (12 p Z Q)/ (L W3) + [
(1.67 p/2) (Q/ (W L))2] ) from White (1974) where: x is the dynamic viscosity, Z is the
length of the slot in the direction of flow (0.152m), Q is the flow rate, L is the length
of the slot perpendicular to the flow (0.927m), W is the slot width, and p is the
density.
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