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NOTATION

The following is a list of acronyms, initialisms, and abbreviations kincluding units
of measure) used in this document.

ACRONYMS, INITIALISMS, AND ABBREVIATIONS

ANL Argonne National Laboratory

ASTM American Society for Testing and Materials

DCG derived concentration guide

DOA U.S. Department of the Army

DOE U.S. Department of Energy

DOI U.S. Department of the Interior

EPA U.S. Environmental Protection Agency

FUSRAP Formerly Utilized Sites Remedial Action Program
ICRP International Commission on Radiological Protection
LLD lower limit of detection

NAS National Academy of Sciences

NCI National Cancer Institute

NMFS National Marine Fisheries Service

NOAA National Oceanic and Atmospheric Administration
NRC U.S. Nuclear Regulatory Commission

SCS U.S. Soil Conservation Service

TCDD tetrachlorodibenzo-p-dioxin

USDA U.S. Department of Agriculture

USLE Universal Soil Loss Equation

UNITS OF MEASURE

°C degree(s) Celsius m meter(s)

cm centimeter(s) m? square meter(s)
cm? cubic centimeter(s) m? cubic meter(s)
d day(s) mi mile(s)

i square foot (feet) mi? square mile(s)
g gram(s) mm millimeter(s)
gal gallon(s) mol mole(s)

h hour(s) mrem millirem(s)
in. inch(es) mSv millisievert(s)
keV kiloelectron volt(s) pCi picocurie(s)
kg kilogram(s) s second(s)
km? square kilometer(s) T time

1 length A% volume

12 length squared yr year(s)

13 length cubed

L liter(s)

Ib pound(s)

M mass

xii



DATA COLLECTION HANDBOOK TO SUPPORT
MODELING THE IMPACTS OF RADIOCACTIVE
MATERIAL IN SOIL

by

C. Yu, C. Loureiro, J.-J. Cheng, L.G. Jones, Y.Y. Wang,
Y.P. Chia, and E. Faillace

ABSTRACT

A pathway analysis computer code called RESRAD has been
developed for implementing U.S. Department of Energy Residual
Radioactive Material Guidelines. Hydrogeological, meteorological,
geochemical, geometrical (size, area, depth), and material-related (soil,
concrete) parameters are used in the RESRAD code. This handbook
discusses parameter definitions, typical ranges, variations, measurement
methodologies, and input screen locations. Although this handbook was
developed primarily to support the application of RESRAD, the discussions
and values are valid for other model applications.

1 INTRODUCTION

In support of the U.S. Department of Energy (DOE) Order establishing residual
radioactive material guidelines (DOE Order 5400.5), Argonne National Laboratory (ANL)
developed a computer program called RESRAD (Gilbert et al. 1989). The models used by
ANL to develop RESRAD were initially developed as part of a DOE-wide effort that began
in the early 1980s and involved most of the national laboratories and DOE program offices.
The DOE and other agencies and their contractors use the RESRAD program and its manual
to derive cleanup criteria and dose calculations. Since its first release in June 1989, many
new features and pathways have been added to the RESRAD code. The DOE Offices of
Environmental Guidance and Environmental Restoration provide periodic guidance regarding
any significant changes to the code and manual. The purpose of this handbook is to give
RESRAD users guidance on gathering, evaluating, and selecting input data for the RESRAD

code.

The RESRAD code is a user-friendly, multiple pathways analysis code designed to
be run on IBM-compatible personal computers. It was developed for use by radiological
health physicists and environmental engineers for the calculation of radiation dose and risk
resulting from exposure to residual radioactive material.

A sensitivity analysis of RESRAD parameters was conducted at ANL in 1991; the
results for a generic run are presented in RESRAD Parameter Sensitivity Analysis




(Cheng et al. 1991). In general, parameters associated with the cover material or the
contaminated zone influence results more than parameters associated with the unsaturated
or saturated zone before the breakthrough time of the groundwater contamination.” The
influence of these parameters changes, however, after the breakthrough time. The
sensitivities of parameters involved in the leaching process have opposite effects on the total
dose before and after the rise time."

A built-in sensitivity analysis capability has been added to the RESRAD code. This
capability gives users an easy way of studying RESRAD parameter sensitivity. Users are
referred to the revised RESRAD Manual for Implementing Residual Radioactive Material
Guidelines (Yu et al. 1993) and RESRAD Parameter Sensitivity Analysis (Cheng et al. 1991)
for a description of and guidance on using this enhanced feature of the RESRAD code.

Fifty-one parameters are discussed in this handbook. Table 1.1 lists the RESRAD
input parameters in the order of the RESRAD input screens and the sections of this hand-
book in which the parameters are discussed. For parameters not discussed in this handbook,
users are referred to other sources (Table 1.1). Table 1.2 lists the applicable pathways and
the data input screen locations for RESRAD input parameters.

This handbook provides the definition, typical range, default value used in RESRAD,
relation to other parameters, and measurement methodology for most of the measurable
parameters. Table 1.3 lists the default values and the lower and upper bounds set in the
RESRAD code for each parameter used in the code. The intent of this handbook is to provide
users with a better understanding of each input parameter in terms of its typical range,
variation, and use in the RESRAD code.

The default parameter values listed in Table 1.3 have been carefully selected and are
realistic, although conservative, parameter values. (In most cases, use of these values will
not result in underestimation of the dose or risk.) Site-specific parameters should always be
used whenever possible. Therefore, use of default values that significantly overestimate the
dose or risk for a particular site is discouraged.

Breakthrough time is the amount of time it takes contaminants to be transported through the
unsaturated zone and reach the water table.

T Rise time is the time for the contaminants to reach the maximum concentration in well water.



TABLE 1.1 Input Parameters, Section Numbers, and Sources of Additional Information

for All RESRAD Input Parameters

Section in Handbook or

Input Parameter Parameter Source of Additional
Screen Description Identifier Information
RO11 Area of contaminated zone (m?) AREA 30
RO11 Thickness of contaminated zone (m) THICKO 39
RO11 Length parallel to aquifer flow (m) LCZPAQ 16
RO11 Radiation dose limit (mrem/yr) BRDL 40
RO11 Time since placement of material (yr) TI 49
RO11 Times for calculations (yr) T@),2<t<10 a
R012 ° Initial concentration of principal radionuclide ¢ S3) 51

(pCi/g)
RO12 Concentration in groundwater of radionuclide ¢ W) 33
(pCi/L)
RO13 Cover depth (m) COVERO 31
RO13 Density of cover material (g/cm3) DENSCV 2
RO13 Cover depth erosion rate (m/yr) - VCV 14
RO13 Density of contaminated zone (g/cm®) DENSCZ 2
RO13 Contaminated zone erosion rate (m/yr) VCZ 14
RO13 Contaminated zone total porosity TPCZ 3
RO13 Contaminated zone effective porosity EPCZ 4
RO13 Contaminated zone hydraulic conductivity (m/yr) HCCZ 5
RO13 Contaminated zone b parameter BCZ 13
RO13 Evapotranspiration coefficient EVAPTR 12
RO13 Precipitation (m/yr) PRECIP 9
R0O13 Irrigation (m/yr) RI 11
RO13 Irrigation mode IDITCH b
RO13 Runoff coefficient RUNOFF 10
RO13 Watershed area for nearby stream or pond (m?) WAREA 17
RO13 Accuracy for water/soil computations EPS a
RO14 Density of saturated zone (g/cm®) DENSAQ 2
RO14 Saturated zone total porosity TPSZ 3
RO14 Saturated zone effective porosity EPSZ 4
RO14 Saturated zone hydraulic conductivity (m/yr) HCSZ 5
RO14 Saturated zone hydraulic gradient HGWT 15
RO14 Saturated zone b parameter BSZ 13
RO14 Water table drop rate (m/yr) VWT 18
RO14 Well pump intake depth (m below water table) DWIBWT 19
RO14 Model: Nondispersion (ND) or Mass-Balance (MB) MODEL c
RO14 Individual’s use of groundwater (m®%/yr) uw c
RO15 Number of unsaturated zone strata NS <5, 25
RO15 Unsaturated zone z, thickness (m) H(z), 25
1<z<NS

RO15 Unsaturated zone z, soil density (g/cm?) DENSUZ(z) 2
RO15 Unsaturated zone z, total porosity TPUZ(z) 3
RO15 Unsaturated zone z, effective porosity EPUZ(z) 4
RO15 Unsaturated zone z, soil-specific b parameter BUZ(z) 13
RO15 Unsaturated zone z, hydraulic conductivity (m/yr) HCUZ(z) 5
RO16 Distribution coefficients for radionuclide i

RoO16 in contaminated zone (cm3/g) DCACTCG) 32
RO16 in unsaturated zone z (cm%/g) DCACTUG,z) 32
RO16 in saturated zone (cm%/g) DCACTS() 32
RO16 Leach rate (L/yr) RLEACH(®1) 34
RO17 Inhalation rate (m3/yr) INHALR 43




TABLE 1.1 (Cont.)

Section in Handbook

Input Parameter Parameter or Source of Additional
Screen Description Identifier Information
RO17 Mass loading for inhalation (g/m?) MLINH 35
RO17 Dilution length for airborne dust (m) LM d
RO17 Exposure duration ED a,e
RO17 Shielding factor, inhalation SHF3 36
RO17 Shielding factor, external gamma SHF1 48
RO17 Fraction of time spent indoors on-site FIND 28,e
RO17 Fraction of time spent outdoors on-site FOTD 29,e
RO17 Shape factor, external gamma FS1 50
R0O17 Fractions of annular areas within AREA FRACA(r) 50

1<r<12

RO18 Fruit, vegetable, and grain consumption (kg/yr) DIET(1) 42
RO18 Leafy vegetable consumption (kg/yr) DIET(2) 44
RO18 Milk consumption (L/yr) DIET(3) 47
RO18 Meat and poultry consumption (kg/yr) DIET(4) 46
RO18 Fish consumption (kg/yr) DIET(5) 41
RO18 Other seafood consumption (kg/yr) DIET(6) 41
RO18 Soil ingestion rate (g/yr) SOIL 38
RO18 Drinking water intake (L/yr) DWI 52
RO18 Fraction of drinking water from site FDW a
RO18 Fraction of aquatic food from site FR9 a
RO19 Livestock fodder intake for meat (kg/d) LFI5 b
RO19 Livestock fodder intake for milk (kg/d) LFI6 b
RO19 Livestock water intake for meat (L/d) LWI5 45
RO19 Livestock water intake for milk (IL/d) LWI6 45
RO19 Mass loading for foliar deposition (g/m®) MLFD bf
RO19 Depth of soil mixing layer (m) DM 35,f
RO19 Depth of roots (m) DROOT 37
RO19 Drinking water fraction from groundwater FGWDW b, c
RO19 Livestock water fraction from groundwater FGWLW b, c
RO19 Irrigation fraction from groundwater FGWIR b, c
RO21 Thickness of building foundation (m) FLOOR 26
RO21 Bulk density of building foundation (g/em?) DENSFL 2
RO21 Total porosity of the cover material TPCV 3
RO21 Total porosity of the building foundation TPFL 3
RO21 Volumetric water content of the cover material PH20CV 6
RO21 Volumetric water content of the foundation PH20FL 6
RO21 Diffusion coefficient for radon gas (m¥/s):

RO21 in cover material DIFCV 7
RO21 in foundation material DIFFL 7
RO21 in contaminated zone soil DIFCZ 7
RO21 Radon vertical dimension of mixing (m) HMIX 20
R0O21 Average annual wind speed (m/s) WIND 21
RO21 Average building air exchange rate (1h) REXG 22
RO21 Height of the building (room) (m) HRM 23
R0O21 Building interior area factor FAI 24
RO21 Building depth below ground surface (m) DMFL 27
RO21 Emanating power of radon-222 gas EMANA(1) 8
RO21 Emanating power of radon-220 gas EMANA(2) 8

Sources: ? Yu et al. (1993), Section 4; b Yu et al. (1993), Appendix D; € Yu et al. (1993),
Appendix E;d Yu et al. (1993), Appendix B; ¢ EPA (1990a), Part I; and f Gilbert et al. (1983).



TABLE 1.2 Applicable Pathways and Data Input Screen Locations for RESRAD Input Parameters

Pathways
External Plant Meat Milk Aquatic Drinking Soil Input
Parameter Gamma Inhalation Ingestion Ingestion Ingestion Foods Water Radon Ingestion Screen
Soil density
Cover material used 2 - - - - - used - R0O13
Contaminated zone used - used used used used used used used RO13
Unsaturated zone - - used used used used used used - RO15
Saturated zone - - used used used used used used - RO14
Building foundation material - - - - - - - used - R0O21
Total porosity
Cover material - - - - - - - used - RO21
Contaminated zone used used used used used used used used used RO13
Unsaturated zone - - used used used used used used - RO15
Saturated zone - - used used used used used used - RO14
Building foundation material - - - - - - - used - R021
Effective porosity
Contaminated zone used used used used used used used used used RO13
Unsaturated zone - - used used used used used - - RO15
Saturated zone - - used used used used used - - RO14
Hydraulic conductivity
Contaminated zone used used used used used used used used used RO13
Unsaturated zone - - used used used used used used - RO15
Saturated zone - - used used used used used used - RO14
Volumetric water content
Cover material - - - - - - - used - RO21
Building foundation material - - - - - - - used - R021
Effective radon diffusion coefficient
Cover material - - - - - - - used - RO21
Contaminated zone - - - - - - - used - R021
Building foundation material - - - - - - - used - R021
Radon emanation coefficient - - - - - - used - RO21
Precipitation rate used used used used used used used used used R013
Runoff coefficient used used used used used used used used used RO13




TABLE 1.2 (Cont.)
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Pathways
External Plant Meat Milk Aquatic Drinking Soil Input
Parameter Gamma Inhalation Ingestion Ingestion Ingestion Foods Water Radon Ingestion Screen
Irrigation rate used used used used used used used used used R013
Evapotranspiration coefficient used used used used used used used used used RO13
Soil-specific b parameter
Contaminated zone used used used used used used used used used R0O13
Unsaturated zone - - used used used used used used - RO15
Saturated zone - - used used used used used used - RO14
Erosion rate
Cover material used used used used used used used used used RO13
Contaminated zone used used used used used used used used used RO13
Hydraulic gradient - - used used used used used used - RO14
Length of contaminated zone
parallel to the aquifer flow - - used used used used used used - RO11
Watershed area for nearby stream
or pond - - used used used used used used - RO13
Water table drop rate - - used used used used used used - RO14
Well-pump intake depth - - used used used used used used - RO14
Radon vertical dimension of mixing - - - - - - - used - R021
Average annual wind speed - - - - - - - used - RO21
Average building air exchange rate - - - - - - - used - RO21
Building room height - - - - - - - used - R021
Building indoor area factor - - - - - - - used - R0O21
Thickness of uncontaminated
unsaturated zone - - used used used used used used - RO15



TABLE 1.2 (Cont.)

Pathways
External Plant Meat Milk Aquatic Drinking Soil Input
Parameter Gamma Inhalation Ingestion Ingestion Ingestion Foods Water Radon Ingestion Screen
Building foundation thickness - - - - - - used - RO21
Foundation depth below ground
surface - - - - - - - used - RO21
Fraction of time spent indoors used used - - - - - used used RO17
on-site
Fraction of time spent outdoors used used - - - - - used used RO17
on-site
Area of contaminated zone used used used used used used used used used RO11
Cover depth used used used used used used used used used RO13
Distribution coefficients used used used used used used used used used RO16
Fractions of annular areas within
contaminated area used - - - - - - - - RO17
Radionuclide concentration in
groundwater used used used used used used used used used R0O12
Leach rate used used used used used used used used used RO16
Livestock fodder intake
Meat - - - used - - - - - RO19
Milk - - - - used - - - - RO19
Mass loading for inhalation - used - - - - - - - RO17
Milk consumption rate - - - used - - - - RO18
Shielding factor for inhalation - used - - - - - - - RO17
Depth of roots - - used used used - - - - R0O19
Soil ingestion rate - - - - - - - - used RO18
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TABLE 1.2 (Cont.)

Pathways
External Plant Meat Milk Aquatic Drinking Soil Input
Parameter Gamma Inhalation Ingestion Ingestion Ingestion Foods Water Radon Ingestion Screen
Thickness of contaminated zone used used used used used used used used used RO11
Radiation dose limit used used used used used used used used used RO11
Dilution length for airborne dust - used used used used - - - - RO17
Seafood consumption rate - - - - - used - - - RO18
Fruit, vegetable, and grain
consumption rates - - used - - - - - - R018
Inhalation rate - used - - - - - - - RO17
Leafy vegetable consumption rate - - used - - - - - - RO18
Livestock water intake rate
Meat - - - used - - - - - RO19
Milk - - - - used - - - - R0O19
Meat and poultry consumption rate - - - used - - - - - RO18
Shielding factor for
external gamma radiation used - - - - - - - - RO17
Elapsed time of waste placement used used used used used used used used used RO11
Shape factor, external gamma used - - - - - - - RO17
Initial concentrations of principal
radionuclide used used used used used used used used used RO12
Drinking water intake rate - - - - - - used - - RO18
Fraction of drinking water from site - - - - - used used - R0O18
Fraction of aquatic food from site - - - - used - - - RO18
Mass loading for foliar deposition - - used used used - - - RO19



TABLE 1.2 (Cont.)

Pathways

External Plant Meat Milk Aquatic Drinking Soil Input

Parameter Gamma Inhalation Ingestion Ingestion Ingestion Foods Water Radon Ingestion Screen

Depth of soil mixing layer - - used used used - - - - RO19
Fraction from groundwater

Drinking water - - - - - - used - - RO19

Livestock water - - - used used - - - - RO19

Irrigation water - - used - - - - - - RO19

2 A hyphen indicates that the parameter is not used in the pathway calculations.
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TABLE 1.3 Default Values, Lower Bounds, and Upper Bounds for
RESRAD Input Parameters

Default Lower? Upper®
Parameter Unit Value Bound Bound

Soil bulk density

Cover material glem® 1.5 0 100

Contaminated zone glem® 1.5 0 100

Unsaturated zone glem® 1.5 0 100

Saturated zone g/em? 1.5 0 100

Building foundation material glem® 2.4 0 100
Total porosity

Cover material b 4 0 1

Contaminated zone - 4 0 1

Unsaturated zone - 4 0 1

Saturated zone - 4 0 1

Building foundation material - 1 0 1
Effective porosity

Contaminated zone - 2 0

Saturated zone - 2 0 1

Unsaturated zone - 2 0 1
Hydraulic conductivity

Contaminated zone m/yr 10 0 1 x 100

Unsaturated zone m/yr 10 0 1 x 1010

Saturated zone m/yr 100 0 1x 1010
Volumetric water content

Cover material - 0.05 0 1

Building foundation material - 0.03 0 1
Effective radon diffusion coefficient

Cover material m%/s 2 x 106 ¢ 1

Contaminated zone m%s 2 x 106 c 1

Building foundation material m%s 3x 107 c 1
Radon emanation coefficient - 0.25/0.15 0.01 1

(Rn-222/Rn-220)
Precipitation rate m/yr 1 0 10
Runoff coefficient - 0.2 0 1
Irrigation rate m/yr 0.2 0 10
Evapotranspiration coefficient - 0.5 0 0.999
Soil-specific b parameter

Contaminated zone - 5.3 0 15

Unsaturated zone - 5.3 0 15

Saturated zone - 5.3 0 15
Erosion rate

Cover material m/yr 0.001 0 5

Contaminated zone m/yr 0.001 0 5
Hydraulic gradient - 0.02 0 10

Length of contaminated zone
parallel to the aquifer flow m 100 0 o



TABLE 1.3 (Cont.)
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Default Lower? Upper?
Parameter Unit Value Bound Bound
Watershed area for nearby stream
or pond m? 1x 108 0 o<
Water table drop rate m/yr 0.001 0 5
Well-pump intake depth m 10 0 1,000
Radon vertical dimension of mixing m 2 0 1,000
Average annual wind speed m/s 2 0 100
Average building air exchange rate Lh 0.5 0 1,000
Building room height m 2.5 0 100
Building indoor area factor - 0 0 100
Thickness of uncontaminated
unsaturated zone m 4 0 10,000
Building foundation thickness m 0.15 0 10
Foundation depth below ground
surface m 1 0 100
Fraction of time spent indoors on-site - 0.5 0 1
Fraction of time spent outdoors on-site - 0.25 0 1
Area of contaminated zone m? 10,000 0 oc
Cover depth m 0 0 100
Distribution coefficients em®/g d 0 1 x 100
Fractions of annular areas within
contaminated area - 0 0 1
Radionuclide concentration in
groundwater pCi/L 0 0 1 x 10%°
Leach rate Uyr 0 0 1 x 1010
Livestock fodder intake
Meat kg/d 68 0 300
Milk kg/d - 55 0 300
Mass loading for inhalation g/m3 2x10% 0 2
Milk consumption rate Liyr 92 0 1,000
Shielding factor for inhalation - 0.4 0 1
Depth of roots m 0.9 0 100
Soil ingestion rate glyr 36.5 0 10,000
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Default Lower? Upper®
Parameter Unit Value Bound Bound

Thickness of contaminated zone m 2 1x 10710 1,000
Radiation dose limit mrem/yr 30 0.01 10,000
Dilution length for airborne dust m 3 0 1,000
Seafood consumption rate

Fish kg/yr 54 0 1,000

Other seafood kg/yr 0.9 0 100
Fruit, vegetable, and grain

consumption rates kg/yr 160 0 1,000
Inhalation rate m3/yr 8,400 0 20,000
Leafy vegetable consumption rate kg/yr 14 0 100
Livestock water intake rate

Meat Ld 50 0 500

Milk L/d 160 0 500
Meat and poultry consumption rate kg/yr 63 0 300
Shielding factor for external gamma - 0.7 0 1
Elapsed time of waste placement yr 0 0 1,000
Shape factor, external gamma - 1 0° 1
Initial concentrations of principal pCi/g d 0 1x 10%

radionuclide
Drinking water intake rate Liyr 510 0 1,000
Fraction of drinking water from site - 1 0 1
Fraction of aquatic food from site - 0.5 0 1
Mass loading for foliar deposition g/m3 1x 10 0 1
Depth of soil mixing layer m 0.15 0 1
Fraction from groundwater

Drinking water - 1 0 1

Livestock water - 1 0 1

Irrigation water - 1 0 1

2 The lower and upper bound values represent the lower and upper limit of an input
parameter that can be used in RESRAD. For some secondary (derived) parameters (e.g.,

leach rate), the upper and lower bounds are derived from other primary (basic)

parameters (e.g., thickness of contaminated zone).

A hyphen indicates that the parameter is dimensionless.

¢ A negative value for this parameter serves as a flag in RESRAD. See the section in the
handbook on the particular parameter for details.

The default value is radionuclide dependent.
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2 SOIL DENSITY

2.1 DEFINITION

Density, as applied to any kind of homogeneous monophasic material of mass M and
volume V, is expressed as the ratio of M to V. Under specified conditions, this definition
leads to unique values that represent a well-defined property of the material. For
heterogeneous and multiphasic materials, however, such as porous media, application of this
definition can lead to different results, depending on the exact way the mass and volume of
the system are defined.

Soil is a typical heterogeneous multiphasic porous system which, in its general form,
contains three natural phases: (1) the solid phase or the soil matrix (formed by mineral
particles and solid organic materials); (2) the liquid phase, which is often represented by
water and which could more properly be called the soil solution; and (3) the gaseous phase,
which contains air and other gases. In this three-phase soil system, the concept of average
density can be used to define the following densities: (1) density of solids or soil particle
density, p ; (2) bulk or dry density, p,; and (3) total or wet density, p,.

The masses and volumes associated with the three soil phases must be defined before
the definitions of the different densities that characterize the soil system can be formalized.
Thus, consider a representative elementary volume (REV) of soil that satisfies the following
criteria (Bear 1972; Marsily 1986):

1. A sufficiently large volume of soil containing a large number of pores,
such that the concept of mean global properties is applicable, and

2. A sufficiently small volume of soil so that the variation of any parameter
of the soil from one part of the domain to another can be approximated
by continuous functions.

Within a REV, the masses of the phases composing the soil can be defined as follows:

S
i

the mass of solids,
M; = the mass of liquids,

the mass of gases (negligible compared with the masses of the solid
and liquid phases), and

S
i

=
]

M, + M; = the total mass.
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Similarly, within the REV, the volumes associated with the soil phases can be defined as
follows: :

V. = the volume of solids,

V, = the volume of liquids,

Vg = the volume of gases,

Vp =V, + Vg = the volume of pore space, and
V, = V. +V; + Vg = the total volume.

These mass and volume definitions can be used to define the concepts of soil particle density,
bulk (dry) soil density, and total (wet) soil density. The dimensional unit of soil density is
mass per unit of cubic length (M-1°3).

2.1.1 Soil Particle Density

The soil particle density, p,, or the density of solids, represents the density of the soil
(i.e., mineral) particles collectively and is expressed as the ratio of the solid phase mass to
the volume of the solid phase of the soil. Soil particle density is defined as follows:

Ps = Ms/Vs . 2.1

In most mineral soils, the soil particle density has a short range of 2.6-2.7 g/cm®
(Hillel 1980b). This density is close to that of quartz, which is usually the predominant
constituent of sandy soils. A typical value of 2.65 g/cm3 has been suggested to characterize
the soil particle density of a general mineral soil (Freeze and Cherry 1979). Aluminosilicate
clay minerals have particle density variations in the same range. The presence of iron oxides
and other heavy minerals increases the value of the soil particle density. The presence of
solid organic materials in the soil decreases the value.

2.1.2 Bulk (Dry) Density

The soil bulk or dry density, p,, is the ratio of the mass of the solid phase of the soil
(i.e., dried soil) to its total volume (solid and pore volumes together) and is defined as follows:

M M
pb = S = s . (22)

Vt Vs+Vl+Vg
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The bulk density, p,, is related to the soil particle density, P, by the total soil
porosity, p,, according to the following equation:

pp = (1 - py) ps (2.3)

where 1-p, is the ratio of the solid volume (V) to the total volume (V; + V,, + V). Section 3
discusses total porosity.

From the above definition, it should be obvious that the value of the dry density is
always smaller than the value of the soil particle density. For example, if the volume of the
pores (V; + Vg ) occupies half of the total volume, the value of dry density is half the value
of the soil particle density.

The dry density of most soils varies within the range of 1.1-1.6 g/cm3. In sandy soils,
dry density can be as high as 1.6 g/em3; in clayey soils and aggregated loams, it can be as low
as 1.1 g/em3 (Hillel 1980b). Because of its high degree of aggregation (i.e., small total
porosity), concrete has, in general, a higher dry density than soil. Typical values of dry
density in different types of soils and in concrete are shown in Table 2.1. Dry density
depends on the structure of the soil matrix (or its degree of compaction or looseness) and on
the soil matrix’s swelling/shrinkage characteristics.

To use Table 2.1 to estimate dry bulk density (or any other soil properties discussed
in this handbook), the user needs to know the soil texture type. The common method used
in the field to classify a soil is the "feel" method (Brady 1984). This method consists of
merely rubbing the soil between the thumb and fingers. Usually it is helpful to wet the
sample to estimate plasticity more accurately. The way a wet soil "slicks out," that is,
develops a continuous ribbon when pressed between the thumb and fingers, gives a good idea
of the amount of clay present. The slicker the wet soil, the higher the clay content. The sand
particles are gritty, and the silt has a floury or talcum-powder feel when dry and is only
slightly plastic and sticky when wet. Persistent cloddiness is generally the result of the
presence of silt and clay. The accuracy of the feel method depends largely on experience.
The laboratory method is more accurate but is time-consuming. The laboratory method to
classify soil involves particle-size analysis, in which sieves are usually employed for coarser
particles and the rate of settling in water for finer particles (Marshall and Holmes 1979).
The U.S. Department of Agriculture (USDA) has developed a method for naming soils on the
basis of particle-size analysis. The relationship between such an analysis and soil class
names is shown diagrammatically in Figure 2.1. The legend in the figure explains the use
of this soil texture triangle.
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2.1.3 Total (Wet) Density TABLE 2.1 Typical Values
of Dry Density of Various

The total, or wet, density of soil, p,, is the Soil Types and Concrete

ratio of the total mass of soil to its total volume

and can be defined as follows: Dry Density, py
Y Y o Soil Type (g/em®)
-+
p, = L = s_ i (2.4)
v, V,+ V) + Vg Sand 1.52
Sandy loam 1.44
Loam 1.36
Total density differs from dry density in that it is Silt loam 1.28
strongly dependent on the moisture content of the Clay loam 1.28
soil. For a dry soil, total density approximates Clay 1.20
the value of dry density. Concrete 9.40

Note: The dry density of most
2.2 MEASUREMENT METHODOLOGY soils varies within the range of

1.1-1.6 g/em? (Hillel 1980b).

For use in RESRAD, only the dry R
densities of five distinct materials (cover layer, sourf:ES: Linsley et al. (1982);

. Poffijn (1988).
contaminated zone, unsaturated and saturated
- zones, and building foundation material) are
needed as input parameters. However, because information on both soil particle and bulk
(i.e., dry) density is required for the calculation of total porosity of the soil material,
descriptions of the techniques and procedures for measuring both types of densities follow.

The standard methods used on Formerly Utilized Sites Remedial Action Program
(FUSRAP) sites for determining the particle density and the dry density in soil materials are
those prepared by the American Society of Testing Materials (ASTM 1992a-0) and the
U.S. Department of the Army (DOA 1970), as listed in Table 2.2. A general discussion on
these measurement methodologies is also presented in Blake and Hartge (19864a,b).

2.2.1 Soil Particle Density Measurement

The soil particle density of a soil sample is calculated on the basis of the
measurement of two quantities: (1) M, the mass of the solid phase of the sample (dried
mass) and (2) V,, the volume of the solid phase (Blake and Hartge 1986b). Assuming that
water is the only volatile in a soil sample, the mass (M,) can be obtained by drying the
sample (usually at 110 + 5°C) until it reaches a constant weight, W. This method may not
be valid for organic soils or soils with asphalt.

The solid phase volume, V,, can be measured in different ways. One way is to
measure the volume directly by observing the resulting increase in the volume of water as
the sample of dried soil is introduced into a graduated flask that initially contains pure water
(or another liquid). After making sure that the soil/water mixture is free from air bubbles,
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100

/@/\WW'M\/\A/\A
L Silt
2 % % 3 % % % % » 3

\ Percent sand

FIGURE 2.1 U.S. Department of Agriculture Method for Naming
Soils (Note: Percentage of sand, silt, and clay in the major soil
textural classes. To use the diagram, locate the percentage of clay
first and project inward as shown by the arrow. Do the same for the
percentage of silt [or sand]. The point at which the two projections
cross will identify the class name.) (Source: Brady 1984)

the observed expansion in volume (i.e., the replaced volume of water) should be equal to V,
the solid phase volume. The problem with this approach is that the techniques used to
eliminate air bubbles from the mixture (such as heating) can also disturb the total volume
and thus introduce errors into the calculations.

Another way to measure the solid phase volume (V) is based on evaluating the mass
and density of water (or another fluid) displaced by the sample (after being oven-dried). This
second approach has been used for quite some time and is simple, direct, and accurate
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(Dry) Density in Soil Materials at FUSRAP Sites

Parameter Type of
Measured Measurement Standard Test Method Reference
Soil Soil sample Appendix IV: Specific Gravity DOA (1970)
particle testing
density ASTM D 854-91: Standard Test Method for Specific ASTM (1992a)
Gravity of Soils
Bulk (dry) Soil sample Appendix II: Unit Weights, Void Ratio, Porosity, and DOA (1970)
soil testing Degree of Saturation
density
In-situ near ASTM D 1556: Standard Test Method for Density and ASTM (1992b)
surface Unit Weight of Soil in Place by the Sand-Cone Method
testing
ASTM D 2167-84: Standard Test Method for Density
and Unit Weight of Soil in Place by the Rubber Balloon ASTM (1992d)

In-situ below
surface
testing

Method

ASTM D 2922-91: Standard Test Methods for Density
of Soil and Soil-Aggregate in Place by Nuclear Methods
(shallow depth)

ASTM D 2937-83: Standard Test Method for Density
of Soil in Place by the Drive-Cylinder Method

ASTM D 4564-86: Standard Test Method for Density
of Soil in Place by the Sleeve Method

ASTM D 5195-91: Standard Test Method for Density
of Soil and Rock In-Place at Depths below the Surface
by Nuclear Methods

ASTM (1992g)

ASTM (1992h)

ASTM (1992k)

ASTM (1992n)

if done carefully (Blake and Hartge 1986a). It is based on the fact that if V;,, the volume
of water displaced by the solids, is equal to V, then

and

M M
Vaw = do - Vs = 2
Puw Ps
M
Ps = Pw M, ’
w

(2.5)

(2.6)

where M, is the mass of the displaced water and p,, is the water density. Therefore, to
obtain the soil particle density, it is necessary to evaluate the water density at the specific
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pressure and temperature conditions and to measure M, and M,,, (DOA 1970, Appendix IV;

ASTM 1992a).

The value of M, is obtained by using a graduated volumetric flask and by taking
the following measurements:

mass of the empty flask;

=
i

M f; = mass of the flask plus the dried soil sample;

Mg, = mass of the flask plus the soil and filled with water up to a
fixed volume, Vf; and

Mfw = mass of the flask filled with pure water up to the fixed
volume Vf.

The mass of the displaced water, M, , can then be calculated as follows:

Mg, = Mg - Mp - Mg, - Mpg,) . 2.7
Substituting M, into the expression for soil particle density, p,, yields

M, . 2.8)
My, - Mp - (Mg, - Mp,)

Ps = Puw

This method is very precise, but it requires careful measuring of volumes and masses and
consideration of the effects of pressure and temperature conditions on the water density.
Possible errors can result not only from determining the masses and volumes but from
nonrepresentative sampling.

2.2.2 Dry Density Measurement

The dry (bulk) density (p,) of a soil sample is evaluated on the basis of two measured
values: (1) M, the oven-dried mass of the sample and (2) V,, the field volume or the total
volume of the sample. As stated previously, for the calculation of soil particle density (p),
mass (M,) is measured after drying the sample at 110 + 5 °C until a near constant weight
is reached. This laboratory technique directly determines the dry density of a soil sample
(DOA 1970, Appendix II). Possible direct methods of measuring the dry density include the
core and excavation methods, which essentially consist of drying and weighing a known
volume of soil.

Variations of these methods are related to different ways of collecting the soil sample
and measuring volume. In the core method (Blake and Hartge 1986a; ASTM 1992h), a
cylindrically shaped metal sampler is introduced into the soil, with care to avoid disturbing
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the sample. At the desired depth in the soil, a known field volume (V,) of soil material is
collected as it exists in-situ. The sample is then oven-dried and weighed to obtain the mass.
The value of the dry density is calculated by dividing the mass by the volume. Problems in
using this technique include sampling difficulties, such as the presence of gravels in the soil,
and the possibility of disturbing the structure of the soil during the sampling process when
the sampler is introduced into the ground.

In the excavation method (Blake and Hartge 1986a), the dry density of the soil is
determined by excavating a hole in the ground, oven-drying and weighing the amount of soil
removed from the ground to determine the mass, and measuring the volume of the
excavation. The volume (V,) can be determined in different ways. One is to use the sand-
funnel method (ASTM 1992b) in which a selected type of sand with a known volume per unit
mass is used to completely fill the hole. Then, by measuring the total mass of sand needed
to fill the hole, the volume can be determined. Another possible way to measure the volume
(V,) is to use the rubber-balloon method (ASTM 1992d). In this technique, a balloon is placed
within the hole and filled with a liquid (water) up to the borders of the hole. The volume of
the excavated soil sample is then equal to the volume of the liquid in the balloon.

An advantage of using the excavation method to measure dry densities of soils other
than the core method is that it is more suitable for heterogeneous soils with gravels.

An indirect method of measuring soil density, applicable for in-situ rather than
laboratory determinations, is called the radiation method or gamma-ray attenuation
densitometry (Blake and Hartge 1986a; ASTM 1992g,0). This method is based on the
principle that the amount of gamma radiation being attenuated and scattered in the soil
depends on the soil properties, including the combined densities of the solid/liquid
components of the medium. By measuring the radiation that is transmitted through the
medium or that is scattered by soil components and reaches a detector placed away from the
source and by using proper calibration, the wet density of the soil, p,, can be determined.
To determine the dry density, p,, a correction of the result is needed to delete the
contribution from the liquid phase of the soil.

The radiation method used for measuring soil density has several advantages over
other related laboratory techniques: (1) it yields an in-situ evaluation of soil density, (2) it
causes minimum disturbance of the soil, (3) it requires a relatively short measurement time,
(4) it is more applicable for deeper subsoil determinations because it requires minimal
excavation, and (5)it is a nondestructive technique because continuous or repeated
measurements can be performed at the same spot. The radiation method also has some
disadvantages compared with the other methods. Because it is a more sophisticated
technique, it requires expensive equipment and highly trained operators who must be able
to handle the frequent calibration procedures, the electronics, and the sampling equipment.
The system operator must be trained in the radiation aspects and radiological protection
procedures of the entire operation.
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2.3 RESRAD DATA INPUT REQUIREMENTS

In RESRAD, one variable is assigned to represent the dry density, measured in units
of grams per cubic centimeter, of each of the following five materials: (1) cover material,
(2) contaminated zone, (3) unsaturated zone, (4) saturated zone, and (5) building foundation
material (i.e., concrete). For the first four types of soil, a default value of 1.5 g/em® is
assigned for the dry density, a value that is representative of a sandy soil. Although the
building foundation material (i.e., concrete) has a solid phase density (i.e., particle density)
similar to that of the soil, because of its small total porosity, concrete has, in general, a
higher dry density than soils. In RESRAD, a default value of 2.4 g/cm3 is assigned for the
dry density of the foundation building material. This default value is provided for generic
use of the RESRAD code. For more accurate use of the code, site-specific data should be
used.

If the type of soil is known, then Table 2.1 can be used for a slightly more accurate
determination of the input data values for dry density. If no information about the type of
soils is available, however, then the values for dry density should be experimentally
determined by using one of the methods described in Section 2.2.2.
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3 TOTAL POROSITY

3.1 DEFINITION

The total porosity of a porous medium is the ratio of the pore volume to the total
volume of a representative sample of the medium. Assuming that the soil system is
composed of three phases — solid, liquid (water), and gas (air) — where V is the volume of
the solid phase, V; is the volume of the liquid phase, Vg is the volume of the gaseous phase,
Vp =V + Vg is the volume of the pores, and V,=V_+V; + Vg is the total volume of the
sample, then the total porosity of the soil sample, p,, is defined as follows:

Vp _ Vl+Vg

£ (3.1)
Vi, V,+Vi+V,

Py =

Porosity is a dimensionless quantity and can be reported either as a decimal fraction
or as a percentage. Table 3.1 lists representative total porosity ranges for various geologic
materials. A more detailed list of representative porosity values (total and effective
porosities) is provided in Table 3.2. In general, total porosity values for unconsolidated
materials lie in the range of 0.25-0.7 (25%-70%). Coarse-textured soil materials such as
gravel and sand tend to have a lower total porosity than fine-textured soils such as silts and
clays. The total porosity in soils is not a constant quantity because the soil, particularly
clayey soil, alternately swells, shrinks, compacts, and cracks.

TABLE 3.1 Range of Porosity Values

Soil Type Porosity, p,
Unconsolidated deposits
Gravel 0.25- 040
Sand 0.25 - 0.50
Silt 0.35 - 0.50
Clay 0.40 - 0.70
Rocks
Fractured basalt 0.05 - 0.50
Karst limestone 0.05 - 0.50
Sandstone 0.05-0.30
Limestone, dolomite 0.00 - 0.20
Shale 0.00 - 0.10
Fractured crystalline rock 0.00 - 0.10
Dense crystalline rock 0.00 - 0.05

Source: Freeze and Cherry (1979).




23

TABLE 3.2 Representative Porosity Values

Total Porosity, p,

Effective Porosity,? p,

Arithmetic Arithmetic
Material Range Mean Range Mean
Sedimentary material
Sandstone (fine) b - 0.02 - 0.40 0.21
Sandstone (medium) 0.14 - 0.49 0.34 0.12-041 0.27
Siltstone 0.21-041 0.35 0.01-0.33 0.12
Sand (fine) 0.25 - 0.53 0.43 0.01 - 0.46 0.33
Sand (medium) - - 0.16 - 0.46 0.32
Sand (coarse) 0.31 - 0.46 0.39 0.18 - 043 0.30
Gravel (fine) 0.25 - 0.38 0.34 0.13 - 0.40 0.28
Gravel (medium) - - 0.17 - 0.44 0.24
Gravel (coarse) 0.24 - 0.36 0.28 0.13 - 0.25 0.21
Silt 0.34 - 0.51 0.45 0.01 - 0.39 0.20
Clay 0.34 - 0.57 0.42 0.01-0.18 0.06
Limestone 0.07 - 0.56 0.30 ~0-0.36 0.14
Wind-laid material
Loess - - 0.14 - 0.22 0.18
Folian sand - - 0.32 - 0.47 0.38
Tuff - - 0.02 - 0.47 0.21
Igneous rock
Weathered granite 0.34 - 0.57 0.45 - -
Weathered gabbro 0.42 - 0.45 0.43 ~ -
Basalt 0.03 - 0.35 0.17 - -
Metamorphic rock
Schist 0.04 - 0.49 0.38 0.22 - 0.33 0.26

& Effective porosity is discussed in Section 4.
b A hyphen indicates that no data are available.

Source: McWorter and Sunada (1977).

3.2 MEASUREMENT METHODOLOGY

The standard method used on FUSRAP sites for determining the total porosity of soil
materials is described in Appendix II of DOA (1970). Further discussion on this methodology
is also presented in Danielson and Sutherland (1986).

On the basis of the definition of total porosity, a soil sample could be evaluated for
total porosity by directly measuring the pore volume (Vp) and the total volume (V,). The total
volume is easily obtained by measuring the total volume of the sample. The pore volume can,
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in principle, be evaluated directly by measuring the volume of water needed to completely
saturate the sample. In practice, however, it is always difficult to saturate the soil sample
exactly and completely and, therefore, the total porosity of the sample is rarely evaluated by
a direct method. Usually, the total porosity is evaluated indirectly by using the following
expression (DOA 1970, Appendix II; Danielson and Sutherland 1986):

Py (3.2)

where p, is given as a decimal fraction, V_ is the soil particle volume, V, is the total volume,
p, is the solid phase (soil particle) density, and p, is the dry bulk density of the sample.
(Equation 3.2 can be obtained by rearranging Equation 2.3.) Under this approach, the values
of p, and p, are evaluated by laboratory or in-situ measurements (Section 2.2) and are then
used to calculate the total porosity p,.

3.3 RESRAD DATA INPUT REQUIREMENTS

To use RESRAD, the user is required to define or use the default values of the total
porosity of five materials: (1) cover material, (2) contaminated zone, (3) unsaturated zone,
(4) saturated zone, and (5) building foundation material (i.e., concrete). In RESRAD, the total
porosities are entered as decimal fractions rather than as percentages. RESRAD adopts the
following values as defaults: n = 0.4 for the first four materials listed above and n = 0.1 for
the building foundation (i.e., concrete). These default values are provided for generic use of
the RESRAD code. For more accurate use of the code, site-specific data should be used.

If site-specific data are not available and the type of soil is known, Tables 3.1 and
3.2 can be used for estimating total porosity. However, if no information is available on the
type of soils, then the values for total porosity should be experimentally determined according
to the method presented in Section 3.2.
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4 EFFECTIVE POROSITY

4.1 DEFINITION

The effective porosity, p,, also called the kinematic porosity, of a porous medium is
defined as the ratio of the part of the pore volume where the water can circulate to the total
volume of a representative sample of the medium. In naturally porous systems such as
subsurface soil, where the flow of water is caused by the composition of capillary, molecular,
and gravitational forces, the effective porosity can be approximated by the specific yield, or
drainage porosity, which is defined as the ratio of the volume of water drained by gravity
from a saturated representative sample of the soil to the total volume of the sample.

The definition of effective (kinematic) porosity is linked to the concept of pore fluid
displacement rather than to the percentage of the volume occupied by the pore spaces. The
pore volume occupied by the pore fluid that can circulate through the porous medium is
smaller than the total pore space, and, consequently, the effective porosity is always smaller
than the total porosity. In a saturated soil system composed of two phases (solid and liquid)
where (1) V is the volume of the solid phase, (2) V, = (V;, + V) is the volume of the liquid
phase, (3) V;, is the volume of immobile pores containing the water adsorbed onto the soil
particle surfaces and the water in the dead-end pores, (4) V,,  is the volume of the mobile
pores containing water that is free to move through the saturated system, and (5) V, = (V,
+ V,, + V..., is the total volume, the effective porosity can be defined as follows:

. = Viw _ Vinw (4.1)
¢ Vt Vs * Vmw + Viw

Another soil parameter related to the effective soil porosity is the field capacity, 6,,
also called specific retention, irreducible volumetric water content, or residual water content,
which is defined as the ratio of the volume of water retained in the soil sample, after all
downward gravity drainage has ceased, to the total volume of the sample. Considering the
terms presented above for a saturated soil system, the total porosity p, and the field capacity
0, can be expressed, respectively, as follows:

ps = Vmw‘; Viw (4.2)
t
and
o, - Viw (4.3)
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Therefore, the effective porosity is related to the total porosity and the field capacity
according to the following expression:

Pe =Pt — er 4.4)

Several aspects of the soil system influence the value of its effective porosity: (1) the
adhesive water on minerals, (2) the absorbed water in the clay-mineral lattice, (3) the
existence of unconnected pores, and (4) the existence of dead-end pores. The adhesive water
in the soil is that part of the water present in the soil that is attached to the surface of the
soil grains through the forces of molecular attraction (Marsily 1988). The sum of the volumes
of the adhesive and absorbed water plus the water that fills the unconnected and dead-end
pores constitute the volume of the adsorbed water, V;,, that is unable to move through the

system.

A detailed list of representative porosity values (total porosity and effective porosity)
is presented in Table 3.2.

4.2 MEASUREMENT METHODOLOGY

.

Determination of the effective porosity, p,, of soils can be accomplished indirectly by
measuring the total porosity, p,, and the field capacity, 6,, and then calculating p, from
Equation 4.4. The total porosity is obtained indirectly by measuring the soil densities
according to the method described in Section 3.2. To determine the field capacity of the soils,
the soil sample is first saturated with water and is then allowed to drain completely under
the action of gravity until it gets to its irreducible saturation. The value of 8, can then be
obtained according to the methods used for measuring volumetric water content (Section 6.2).

4.3 RESRAD DATA INPUT REQUIREMENTS

To use RESRAD, the user is required to define (or to use the default values) of the
effective porosity of three distinct materials: (1) contaminated zone, (2) saturated zone, and
(3) unsaturated zone. In RESRAD, the effective porosity values are entered as decimal
fractions rather than as percentages. As a default value, RESRAD adopts the value of
p, = 0.2 for all three materials. These default values are provided for generic use of the
RESRAD code. For more accurate utilization of the model, site-specific data should be used.

If site-specific data are not available and the soil type is known, Table 3.2 can be
used for estimating effective porosity. However, if no information is available on soil type,
then the values of effective porosity should be experimentally determined according to the
method presented in Section 4.2. Effective porosity values should not be greater than total
porosity values. Total porosity is discussed in Section 3.
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5 HYDRAULIC CONDUCTIVITY

5.1 DEFINITION

The hydraulic conductivity of a soil is a measure of the soil’s ability to transmit
water when submitted to a hydraulic gradient. Hydraulic conductivity is defined by Darcy’s
law, which, for one-dimensional vertical flow, can be written as follows:

U--gdh (5.1)
dz

where U is Darcy’s velocity (or the average velocity of the soil fluid through a geometric
cross-sectional area within the soil), 2 is the hydraulic head, and z is the vertical distance in
the soil. The coefficient of proportionality, K, in Equation 5.1 is called the hydraulic
conductivity. The term coefficient of permeability is also sometimes used as a synonym for
hydraulic conductivity. On the basis of Equation 5.1, the hydraulic conductivity is defined
as the ratio of Darcy’s velocity to the applied hydraulic gradient. The dimension of K is the
same as that for velocity, that is, length per unit of time (IT™).

Hydraulic conductivity is one of the hydraulic properties of the soil; the other
involves the soil’s fluid retention characteristics. These properties determine the behavior
of the soil fluid within the soil system under specified conditions. More specifically, the
hydraulic conductivity determines the ability of the soil fluid to flow through the soil matrix
system under a specified hydraulic gradient; the soil fluid retention characteristics determine
the ability of the soil system to retain the soil fluid under a specified pressure condition.

The hydraulic conductivity depends on the soil grain size, the structure of the soil
matrix, the type of soil fluid, and the relative amount of soil fluid (saturation) present in the
soil matrix. The important properties relevant to the solid matrix of the soil include pore size
distribution, pore shape, tortuosity, specific surface, and porosity. In relation to the soil fluid,
the important properties include fluid density, p, and fluid viscosity, z. For a subsurface
system saturated with the soil fluid, the hydraulic conductivity, K, can be expressed as
follows (Bear 1972):

K - krg (5.2)

where k&, the intrinsic permeability of the soil, depends only on properties of the solid matrix,
and pg/u, called the fluidity of the liquid, represents the properties of the percolating fluid.
The hydraulic conductivity, K, is expressed in terms of length per unit of time (IT), the
intrinsic permeability, &, is expressed in 12, and the fluidity, pg/x, in 1''T"!. By using




28

Equation 5.2, Darcy’s law can be rewritten explicitly in terms of its coefficient of
proportionality (hydraulic conductivity K):

k-*g_ U (5.3)
! |dh/dz|

When the fluid properties of density and viscosity are known, Equation 5.3 can be used to
experimentally determine the value of the intrinsic permeability, k,, and the hydraulic
conductivity, K, as will be shown in Section 5.2.

The values of saturated hydraulic conductivity in soils vary within a wide range of
several orders of magnitude, depending on the soil material. Table 5.1 lists the range of
expected values of K for various unconsolidated and consolidated soil materials. The expected
representative values of K for soil materials of different textures are presented in Table 5.2.
A more detailed list of expected representative values of K based on the grain size
distribution, degree of sorting, and silt content of several soil materials is presented in
Tables 5.3 and 5.4. Section 2.1.2 discusses soil textures.

Because of the spatial variability usually found in the geological formation of soils,
saturated hydraulic conductivity values also show variations throughout the space domain

TABLE 5.1 Range of Saturated Hydraulic
Conductivity of Various Soil Materials

Saturated Hydraulic

Soil Type Conductivity, K (m/yr)
Unconsolidated deposits
Gravel 1x10%-1x 107
Clean sand 1x10%-1x 105
Silty sand 1x10% -1x10%
Silt, loess 1x102-1x 10?
Glacial till 1x10%-1x 10!
Unweathered marine clay 1x10%-1x 10?2
Rocks
Shale 1x10%-1x102
Unfractured metamorphic and 1x107-1x103
igneous rocks
Sandstone 1x103-1x 10!
Limestone and dolomite 1x102-1x 10!
Fractured metamorphic and 1x101-1x10%
igneous rocks
Permeable basalt 1x10%-1x10°
Karst limestone 1x10-1x10%

Source: Adapted from Freeze and Cherry (1979).
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within a subsurface geological formation. TABLE 5.2 Representative

Such a geological formation is said to be Values of Sé‘t“‘(’l atetc! v of

heterogeneous. If the properties of the H.yérauhc oncuclvity o
. . . . . Different Soil Textures

geologic formation are invariable in space, the

formation is homogeneous. A geological

formation is said to be isotropic if at any point Saturated
in the medium, the values of the saturated Hydraulic
hydraulic conductivity (K) are independent of Texture Cozd(lﬁm)ty ’
the direction of measurement. Again, because ol
of the usually stratified nature of uncon- Sand 5.55 x 103
solidated sedimentary soil materials, soils are Loamy sand 4.93 x 10°
usually anisotropic. Within an anisotropic Sandy loam 1.09 x 102
geological formation, the vertical component of Silty loam 227 x 10
the saturated hydraulic conductivity is usually ISJoam 2.19 x 102
. andy clay loam 1.99 x 10
smaller (one to two orders of magnitude) than Silty clay loam 5.36 x 10!
the horizontal component. Clay loam 7.73 x 10}
Sandy clay 6.84 x 10!
Silty clay 3.21 x 10!
5.2 MEASUREMENT METHODOLOGY Clay 4.05 x 10
The saturated hydraulic conductivity (510;7";)93 Clapp and Hornberger

of water in soil (or the intrinsic permeability
of the soil) can be measured by both field and
laboratory experiments. Either way, the experimental measurement of K (or k) consists in
determining the numerical value for the coefficient in Darcy’s equation.

The methodology used for the experimental determination of K (or &) in either
laboratory or field experiments is based on the following procedures (Bear 1972):

1. Assume a flow pattern (such as one-dimensional flow in a porous
medium) that can be described analytically by Darcy’s law,

K-Fkg _ U . (5.4)
n |dhidz]

2. Perform an experiment reproducing the chosen flow pattern and
measure all measurable quantities in Equation 5.4, including fluid
density, dynamic viscosity, flow velocity, and the gradient of the
hydraulic head; and

3. Compute the coefficient K (or k) by substituting the measured
quantities into Equation 5.4 above.

Many different laboratory or field experiments can be used to determine the coefficient
K (or &).
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TABLE 5.3 Estimated Saturated Hydraulic
Conductivities for Fine-Grained Materials

Saturated
Hydraulic Conductivity,
Grain-Size Class K (10° m/yr)
Clay <0.0001
Silt, clayey 0.1-04
Silt, slightly sandy 0.5
Silt, moderately sandy 0.8-09
Silt, very sandy 1.0-1.2
Sandy silt 1.2
Silty sand 14

Source: EPA (1986).

An extensive discussion on the respective measurement methodologies for laboratory
and field experiments is presented in Klute and Dirksen (1986) and Amoozegar and
Warrick (1986), respectively. For FUSRAP sites, the standard methods used for determining
saturated hydraulic conductivity in soil materials are those prepared by the American Society
for Testing and Materials (ASTM 1992a-0), the U.S. Environmental Protection Agency (EPA
1986), the U.S. Department of the Army (DOA 1970), and the U.S. Department of the Interior
(DOI 1990a,b). Brief descriptions of these pertinent standard methods are presented in
Table 5.5.

Laboratory tests are carried out on small samples of soil materials collected during
core-drilling programs. Because of the small sizes of the soil samples handled in the
laboratory, the results of these tests are considered a point representation of the soil
properties. If the soil samples used in the laboratory test are truly undisturbed samples, the
measured value of K (or k) should be a true representation of the in-situ saturated hydraulic
conductivity at that particular sampling point.

Laboratory methods may be used to evaluate the vertical and horizontal hydraulic
conductivity in soil samples. For instance, in undisturbed samples of either cohesive or
cohesionless soils, the values of K obtained through laboratory tests correspond to the
direction in which the sample was taken, that is, generally vertical. The conductivity of
disturbed (remolded) samples of cohesionless soils obtained in the laboratory can be used to
approximate the actual value of K in the undisturbed (natural) soil in the horizontal direction
(DOA 1970). For fine-grained soils, the undisturbed cohesive sample can be oriented
accordingly, to obtain the hydraulic conductivity in either the vertical or horizontal direction.

In contrast to laboratory methods for measuring conductivity in soil samples, field
methods, in general, involve a large region of the soil. Consequently, the results obtained
from field methods should reflect the influences of both the vertical and horizontal directions
and should represent an average value of K. This situation is especially important in highly
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TABLE 5.4 Estimated Saturated Hydraulic Conductivities for Sands and Gravels

According to Degree of Sorting and Silt Content?

Saturated Hydraulic Conductivity, K (103m/yr)

Degree of Sorting Silt Content
Grain-Size Class or Range Poor Moderate Well Slight = Moderate  High
Very fine sand 1 2 3 3 2 1
Very fine to fine sand 3 3 b 3 2 1
Very fine to medium sand 4 5 - 4 3 2
Very fine to coarse sand 5 - - 4 3 3
Very fine to very coarse sand 7 - - 6 4 3
Very fine sand to fine gravel 8 - - 7 6 4
Very fine sand to medium gravel 11 - - 9 7 5
Very fine sand to coarse gravel 14 - - 12 10 7
Fine sand 3 4 6 4 3 2
Fine to medium sand 6 7 - 5 4 3
Fine to coarse sand 6 8 - 6 5 4
Fine to very coarse sand 8 - - 7 5 4
Fine sand to fine gravel 10 - - 8 7 5
Fine sand to medium gravel 13 - - 10 8 6
Fine sand to coarse gravel 16 - - 12 10 8
Medium sand 7 9 10 7 6 4
Medium to coarse sand 8 10 - 8 6 5
Medium to very coarse sand 9 12 - 8 7 5
Medium sand to fine gravel 11 - - 9 8 6
Medium sand to medium gravel 15 - - 13 9 7
Medium sand to coarse gravel 18 - - 15 12 9
Coarse sand 9 12 15 10 8 6
Coarse to very coarse sand 10 15 - 10 8 6
Coarse sand to fine gravel 13 16 - 12 10 8
Coarse sand to medium gravel 16 - - 13 10 8
Coarse sand to coarse gravel 20 - - 15 11 10
Very coarse sand 12 16 21 13 10 8
Very coarse to fine gravel 15 24 - 13 12 10
Very coarse to medium gravel 19 25 - 16 14 11
Very coarse sand to coarse gravel 23 - - 18 15 12
Fine gravel 18 24 30 25 16 12
Fine to medium gravel 22 37 - 22 19 15
Fine to coarse gravel 27 37 - 26 21 16
Medium gravel 27 26 45 27 22 18
Medium to coarse gravel 33 52 - 33 27 21
Coarse gravel 37 52 67 37 32 26

& Reduce conductivities by 10% if grains are subangular.
boa hyphen indicates that no data are available.
Source: EPA (1986).




TABLE 5.5 Standard Laboratory and Field Methods for Measuring Saturated Hydraulic Conductivity, K,
in Soil Materials

Method Method g
Type Specification Application Remarks References
Laboratory  Constant-head Disturbed (remolded) samples of The conductivity of disturbed (remolded) DOA (1970)
conductivity test cohegionless coarse-grained soils cohesionless soil is generally used to EPA (1986)
with permeameter  with K > 1.0 x 102 m/yr. approximate the conductivity of its original, = ASTM (1992f)
cylinder undisturbed state in a horizontal direction. Klute and Dirksen (1986)
Falling-head Disturbed (remolded) samples of The conductivity of disturbed (remolded) DOA (1970)
conductivity test cohesionless ﬁne-srained soils cohesionless soil is generally used to EPA (1986)
with permeameter  with K < 1.0 x 10° m/yr approximate the conductivity of its original, = ASTM (1992m)
cylinder undisturbed state in a horizontal direction. Klute and Dirkson (1986)
Conductivity test Undisturbed samples of cohesion-  The measured conductivity corresponds to DOA (1970)
with sampling less soil that cannot be removed the direction in which the sample was
tubes from the sampling tube without taken (generally vertical); may be
excessive disturbance. performed under constant-head or falling-
head flow conditions, depending on the
estimated conductivity of the sample.
Conductivity test Cohesive fine-grained soil Should be used only in soils that are DOA (1970)
with pressure samples in the undisturbed, originally fully saturated; can be performed EPA (1986)
chamber disturbed (remolded), or under conditions of loading expected in the
compacted state in a fully field; leakage along the sides of the sample
saturated condition. can be prevented; usually performed under
falling-head flow conditions.
Conductivity test Cohesive fine-grained soil The additional pressure (back pressure) DOA (1970)
with back pressure  samples in the undisturbed, applied to the pore fluid of the soil sample EPA (1986)
disturbed (remolded), or reduces the size of the gas bubbles in the ASTM (1992m)

compacted state that are not fully
saturated.

pores, increasing the degree of water
saturation; usually performed under
constant-head flow conditions.

é&



TABLE 5.5 (Cont.)
Method Method
Type Specification Application Remarks References
Laboratory  Conductivity Cohesive fine-grained soil Can be used as an alternative method to DOA (1970)
test with samples in a fully saturated the conductivity test with pressure
consolidometer condition. chamber.
Grain-size based To evaluate the intrinsic The intrinsic permeability, %, can be ASTM (1992n)
empirical method permeability, &, in disturbed predicted from the expression k& = cd?,
samples of soil materials with where ¢ = constant found through
known grain-size distribution. regression analysis; d = the mean or
particle diameter; and a = exponent
{(After determining k&, the constant, ranging from 1.65 to 1.85.
saturated hydraulic conductivity,
K, can then be evaluated from
Equation 5.2.)
Field Saturated soil materials near the

Auger-hole method

Piezometer
method

ground surface in the presence of
a shallow water table.

Saturated soil materials near the
ground surface in the presence of
a shallow water table.

The method consists of pumping the water
out of an auger-hole extending below the
water table and then measuring the rate of
the rise of the water in the hole; most
widely used procedure to measure the
saturated hydraulic conductivity in
saturated soils; the measured result is
dominated by the average value of the
horizontal conductivity of the profile.

The method consists of installing a
piezometer tube or pipe into an auger hole
with a cavity at the bottom; water is
removed from the tube and the rate of the
rise of the water in the tube is measured;
can be used to measure either horizontal or
vertical hydraulic conductivity; in stratified
soils, the method can be used to measure K
in each individual layer.

Amoozegar and Warrick
(1986)

Amoozegar and Warrick
(1986)

€€




TABLE 5.5 (Cont.)

Method Method
Type Specification Application Remarks References
Field Single-well (slug) Saturated soil materials of Pump-out test method developed primarily EPA (1986)
test in moderately moderate K in aquifers under for groundwater systems; the method
permeable forma- unconfined conditions. consists of removing a slug of water
tions under uncon- instantaneously from a well and measuring
fined conditions the recovery of the water in the well;
applicable to wells that fully or partially
penetrate the interval of interest in the
unconfined aquifer; the measured K
primarily reflects the value in the
horizontal direction.
Single-well (slug) Saturated soil materials of Pump-out test method developed primarily EPA (1986)
test in moderately moderately hydraulic con- for groundwater systems; the method
permeable ductivity in testing zones under consists of removing a slug of water
formations under confined conditions, entirely open  instantaneously from a well and measuring
confined to the well screen or open the recovery of the water in the well; used
conditions borehole. in confined aquifer (saturated zone of the
soil under confined conditions); the method
assumes that the tested zone is uniform in
all radial directions from the test well.
Single-well Saturated soil materials with low  Pump-out test method developed primarily EPA (1986)

(modified slug)
test in extremely
tight formations
under confined
conditions

to extremely low conductivity
such as silts, clays, and shales.
(For K as low as 1.0 x 108 m/yr).

for groundwater systems; the test is
conducted by suddenly pressurizing a
packed-off zone of the soil in a portion of a
borehole or well within the confined zone
and then monitoring the pressure decay
afterwards; used in confined aquifer
(saturated zone of the soil under confined
conditions).

143



TABLE 5.5 (Cont.)

Application

Remarks

References

Method Method
Type Specification
Field Constant-head
conductivity test

by the well
permeameter

method (also
referred to as
shallow-well
pump-in, or dry-
auger hole,
method)

Double-tube
method

To measure field-saturated
hydraulic conductivity of soil-
materials in the unsaturated
(vadose) zone near the ground
surface.

Soil types ranging from sand, silt
and clay mixtures, with K larger
than 1.0 x 10° m/yr, to relatively
clean sand or sandy gravel with
K <1.0 x 10* miyr.

To measure field-saturated
hydraulic conductivity of soil-
materials in the unsaturated
(vadose) zone, near the ground
surface.

Pump-in test consisting of measuring the
rate at which water flows out of an uncased
well into the soil under constant-head flow
conditions; specially used to determine the
field-saturated hydraulic conductivity in
unsaturated zones of the soil (but can also
be used in saturated zones); for a very high
groundwater condition, a "pump-out” test
for saturated soils is often more satisfactory
than any "pump-in" type of test; the
calculated K is dominated by the con-
ductivity of the most permeable layer of the
soil profile; in uniform soils, the measured
K reflects the conductivity in the horizontal
direction; requires a large quantity of water
and a long time for execution (several
days).

Utilizes two concentric cylinders installed
in an auger hole; water is introduced into
these cylinders and K is evaluated by
measuring the flow in the cylinders; can
measure field-saturated K in the horizontal
and vertical directions; the method requires
over 200 L of water and two to six hours for
completion.

Amoozegar and Warrick
(1986)

ASTM (1992)

DOI (1990a)

Amoozegar and Warrick
(1986)
ASTM (1992n)

Ge




TABLE 5.5 (Cont.)
Method Method
Type Specification Application Remarks References
Field Cylindrical To measure field-saturated The method consists of ponding water Amoozegar and Wérrick
permeameter hydraulic conductivity of soil- within a cylindrical ring placed over the soil

method (also
referred to as ring

infiltrometer test
method)

‘Air-entry

permeameter
method

Constant-head
conductivity test
in single drill hole

materials in the unsaturated
(vadose) zone near the ground
surface.

Soil materials with K ranging
between 1.0 x 10 and
1.0 x 103 m/yr.

To measure field-saturated
hydraulic conductivity of soil-
materials in the unsaturated
(vadose) zone near the ground
surface.

To measure field-saturated
hydraulic conductivity of soil-
materials at any depth within
the unsaturated (vadose) zone.

Soil or rock materials with K
ranging between 1.0 x 10° and
1.0 x 104 m/yr.

surface and measuring the volumetric rate
of water needed to maintain a constant
head; measures the field-saturated K in the
vertical direction near the ground surface;
time-consuming procedure, requiring an
excess of 100 L of water; variations of the
method include the single-ring and double-
ring infiltrometers.

Fast technique to determine the field-
saturated K, requires approximately 10 L of
water; is a variation of the single-ring
infiltrometer method.

Pump-in test consisting of injecting water
into an isolated interval of a drill hole in
goil or rock under constant-head flow
conditions; the only currently available test
that can measure field-saturated K at large
depths within the unsaturated zone;
designed to determine an approximate
value of K in a specific interval of a drill
hole.

(1986)
ASTM (1992i,n)

* Amoozegar and Warrick

(1986)
ASTM 1992n

Amoozegar and Warrick
(1986)

ASTM (1992n)

DOI (1990b)

9€
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stratified soils where the values of K measured from field methods would reflect the domi-
nation of the most permeable layer in the soil profile. However, by appropriately selecting
the specific method to be used in the field, the in-situ values of the vertical and horizontal
components of K could be determined independently in each layer of stratified soils.

Selection of a specific method for a particular application will depend on the
objectives to be achieved. Because of the difficulty in obtaining a perfectly undisturbed
sample of unconsolidated soil, the K value determined by laboratory methods may not
accurately reflect the respective value in the field. Therefore, field methods should be used
whenever the objective is to characterize the physical features of the subsurface system in
question as accurately as possible. Field methods, however, are usually more expensive than
laboratory methods and, consequently, when the question of cost becomes decisive, or when
actual representation of field conditions is not of fundamental importance and in-situ
hydraulic conductivity is not available, laboratory methods may be used to determine the
saturated hydraulic conductivity K.

5.2.1 Laboratory Methods

In the laboratory, the value of K can be determined by several different instruments
and methods such as the permeameter, pressure chamber, and consolidometer (DOA 1970).
A common feature of all these methods is that a soil sample is placed in a small cylindrical
receptacle representing a one-dimensional soil configuration through which the circulating
liquid is forced to flow. Depending on the flow pattern imposed through the soil sample, the
laboratory methods for measuring hydraulic conductivity are classified as either a
constant-head test with a steady-state flow regimen or a falling-head test with an unsteady-
state flow regimen.

Constant-head methods are primarily used in samples of soil materials with an
estimated K above 1.0 x 102 m/yr, which corresponds to coarse-grained soils such as clean
sands and gravels. Falling-head methods, on the other hand, are used in soil samples with
estimated values of K below 1.0 x 10> m/yr (DOA 1970). A list of standard laboratory
methods for determining K, with variations of the constant-head and falling-head flow
conditions, is presented in Table 5.5. Also listed in Table 5.5, as a laboratory method for
measuring K, is the grain-size based empirical method, in which the intrinsic permeability,
k, of the soil sample is empirically determined from the otherwise laboratory-measured grain-
size distribution of the soil sample.

Important considerations regarding the laboratory methods for measuring K are
related to the soil sampling procedure and preparation of the test specimen and circulating
liquid. The sampling process, if not properly conducted, usually disturbs the matrix structure
of the soil and results in a misrepresentation of the actual field conditions. Undisturbed
sampling of soils is possible, but it requires the use of specially designed techniques and
instruments (Klute and Dirksen 1986).
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A detailed guide on the standard methods for soil sampling is presented in
ASTM D 4700-91, Standard Guide for Soil Sampling from the Vadose Zone (ASTM 1992]).
Relatively undisturbed soil samples, suitable for the determination of hydraulic conductivity
in the laboratory, could be obtained, for example, by using the thin-walled tube sampling
method in ASTM D 1587-83, Standard Practice for the Thin-Walled Tube Sampling of Soils
(ASTM 1992¢). In this technique, a relatively undisturbed soil sample is obtained by pressing
a thin-walled metal tube into the soil, removing the soil-filled tube, and sealing its ends to
prevent physical disturbance in the soil matrix.

Selecting the test fluid is also of fundamental importance for the laboratory
determination of the saturated hydraulic coefficient. The objective is to have the test fluid
mimic the actual properties of the soil fluid as closely as possible. When an inappropriate
test fluid is selected, the test sample can get clogged with entrapped air, bacterial growths,
and fines. To avoid such problems, a standard test solution such as a deaerated 0.005-mol
calcium sulfate (CaSO,) solution, saturated with thymol (or sterilized with another substance
such as formaldehyde) should be in the permeameter, unless there are specific reasons to
choose another solution (Klute and Dirksen 1986).

5.2.1.1 Constant-Head Method

The constant-head test with the permeameter is one of the most commonly used
methods for determining the saturated hydraulic conductivity of coarse-grained soils in the
laboratory. The test operates in accordance with the direct application of Darcy’s law to a
soil liquid configuration representing a one-dimensional, steady flow of a percolating liquid
through a saturated column of soil from a uniform cross-sectional area. In this method, a
cylindrical soil sample of cross-sectional area A and length L is placed between two porous
plates that do not provide any extra hydraulic resistance to the flow. A constant head
difference, H, - H,, is then applied across the test sample. By measuring the volume V of
the test fluid that flows through the system during time ¢, the saturated hydraulic
conductivity K of the soil can be determined directly from Darcy’s equation:

VL
K = : 5.5
[At(H, - H))] 65

To improve the results, it is recommended that the test be performed several times
under different head differences, H, - H;. It is also recommended that the quantity of liquid
collected should be sufficient to provide at least three significant figures in the measured
volume. In a simple version of the constant-head permeameter, the lower limit of the
measurement of K is approximately 1 x 10! m/yr, which corresponds to the lower limit of the
conductivity of sandy clay soils. For lower values of K, it is recommended that either an
enhanced version of the constant-head permeameter (i.e., one that has a more sensitive
method of measuring the volume flow rate) or the falling-head permeameter be used (Klute
and Dirksen 1986). Table 5.5 presents variations of the constant-head method for measuring
saturated hydraulic conductivity of soil materials in the laboratory.
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5.2.1.2 Falling-Head Method

The falling-head test with the permeameter is primarily used for determining the
K (or k) value of fine-grained soils in the laboratory. Like the constant-head method, the
falling-head test also operates in accordance with direct application of Darcy’s law to a
one-dimensional, saturated column of soil with a uniform cross-sectional area. The falling-
head method differs from the constant-head method in that the liquid that percolates through
the saturated column is kept at an unsteady-state flow regimen in which both the head and
the discharged volume vary during the test. In the falling-head test method, a cylindrical soil
sample of cross-sectional area A and length L is placed between two highly conductive plates.
The soil sample column is connected to a standpipe of cross-sectional area a, in which the
percolating fluid is introduced into the system. Thus, by measuring the change in head in
the standpipe from H; to H, during a specified interval of time ¢, the saturated hydraulic
conductivity can be determined as follows (Klute and Dirksen 1986):

K- (ﬁéJm LN (5.6)
At H2 '

The lower limit of K, which can be measured in a falling-head permeameter, is about
1 x 102 m/yr. This value corresponds approximately to the lower limit of conductivity of silts
and coarse clays (Klute and Dirksen 1986).

A common problem encountered in using either the constant-head or falling-head test
with the permeameter is related to the degree of saturation achieved within the soil samples
during the test. Air bubbles are usually trapped within the pore space, and although they
tend to disappear slowly by dissolving into the deaerated water, their presence in the system
may alter the measured results. Therefore, after using these instruments to measure K, it
is always recommended that the degree of saturation of the sample be verified by measuring
the sample’s volumetric water content and comparing the result with the total porosity
calculated from the particle density.

For a more accurate laboratory measurement of K in soil samples in which the
presence of air bubbles becomes critical, the conductivity test with back pressure is
recommended. In this method, additional pressure (back pressure) is applied to the pore fluid
of the soil sample, which reduces the size of the gas bubbles in the pores, and, consequently,
increases the degree of water saturation.

5.2.2 Field Methods

The several methods developed for in-situ determination of saturated hydraulic
conductivity of soils can be separated into two groups: (1) those that are applicable to sites
near or below a shallow water table and (2) those that are applicable to sites well above a
deep water table or in the absence of a water table. More specifically, these groups are
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applicable to sites located, respectively, in the saturated and unsaturated zones of the soil.
In either group (similar to the laboratory methods), the determination of K is obtained from
Darcy’s law after measuring the gradient of the hydraulic head at the site and the resulting
soil water flux. Table 5.5 lists several standard methods used for in-situ determination of
K in saturated and unsaturated regions of the soil.

5.2.2.1 Field Methods Used in Saturated Regions of the Soil

Many in-situ methods have been developed for determining the saturated hydraulic
conductivity of saturated soils within a groundwater formation under unconfined and
confined conditions. These methods include (1) the auger-hole and piezometer methods,
which are used in unconfined shallow water table conditions (Amoozegar and Warrick 1986),
and (2) well-pumping tests, which were primarily developed for the determination of aquifer
properties used in the development of confined and unconfined groundwater systems
(EPA 1986).

5.2.2.1.1 Auger-Hole Method. The auger-hole method is the field procedure most
commonly used for in-situ determination of saturated hydraulic conductivity of soils. This
method has many possible variations (Amoozegar and Warrick 1986). In its simplest form,
it consists of the preparation of a cavity partially penetrating the aquifer, with minimal
disturbance of the soil. After preparation of the cavity, the water in the hole is allowed to
equilibrate with the groundwater; that is, the level in the hole becomes coincident with the
water table level. The actual test starts by removing the entire amount of water from the
hole and by measuring the rate of the rise of the water level within the cavity.

Because of the three-dimensional aspect of the flow pattern of the water near the
cavity, there is no simple equation for accurately determining the conductivity. Numerous
available semiempirical expressions, however, can be used for approximating the saturated
hydraulic conductivity for different soil configurations. These expressions are functions of
the geometrical dimensions of the auger hole and the aquifer and the measured rate at which
the water level in the hole changes with time (Amoozegar and Warrick 1986).

The auger-hole method is applicable to an unconfined aquifer with homogeneous soil
properties and a shallow water table. In its simplest form, this method provides an estimate
of the average horizontal component of the saturated hydraulic conductivity of the soil within
the aquifer. Enhanced variations of the method have been developed to account for layered
soils and for the determination of either horizontal or vertical components of saturated
hydraulic conductivity. Results obtained by the auger-hole method are not reliable for cases
in which (1) the water table is above the soil surface, (2) artesian conditions exist, (3) the soil
structure is extensively layered, and (4) highly permeable small strata occur.

5.2.2.1.2 Piezometer Method. The piezometer method, like the auger-hole method,
is applicable for determining the saturated hydraulic conductivity of soils in an unconfined
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aquifer with a shallow water table level. Unlike the auger-hole method, however, the
piezometer method is appropriately designed for applications in layered soil aquifers and for
determining either horizontal or vertical components of the saturated hydraulic conductivity.

This method consists of installing a piezometer tube or pipe into an auger hole
drilled through the subsurface system without disturbing the soil. The piezometer tube
should be long enough to partially penetrate the unconfined aquifer. The walls of the
piezometer tube are totally closed except at its lower extremity, where the tube is screened
open to form a cylindrical cavity of radius r and height 4, within the aquifer. The water in
the piezometer tube is first removed to clean the system and is then allowed to equilibrate
with the groundwater level.

Similar to the auger-hole method, the piezometer method is conducted by removing
the water from the pipe and then measuring the rate of the rise of the water within the pipe.
The saturated hydraulic conductivity is then evaluated as a function of the geometrical
dimension of the cavity in the piezometer tube, the dimensions of the aquifer, and the
measured rate of rise of the water table in the tube. The value for the conductivity is
calculated with the help of a nomograph and tables (Amoozegar and Warrick 1986).

Depending on the relative length (%) of the cavity as compared with its radius (r),
the piezometer method can be used to determine the horizontal or vertical component of the
saturated hydraulic conductivity. Thus, if 4, is large compared to r, the results obtained
reflect the horizontal component of K. Otherwise, if 4, is small compared to r, then the
vertical component of K is estimated.

The piezometer method is especially suitable for determining the conductivity of
individual layers in stratified subsurface systems.

5.2.2.1.3 Well-Pumping (Slug) Methods. The well-pumping (slug) test is
applicable for in-situ determination of the saturated hydraulic conductivity in soil materials
of unconfined and confined aquifers. This method consists of removing a slug of water
instantaneously from a well and measuring the recovery of the water in the well. Variations
of the well-pumping test, called single-well tests (EPA 1986), are listed in Table 5.5.

In contrast to the auger-hole and piezometer methods, the results of which reflect
an in-situ average of a relatively small region of soil around the created cavity in the soil,
well-pumping tests also provide an in-situ representation of the soil hydraulic conductivity,
but averaged over a larger representative volume of the soil. The measured results of K
primarily reflect the value in the horizontal direction. (Further references for these methods
can be found in EPA [1986], Freeze and Cherry [1979], and Amoozegar and Warrick [1986].)
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5.2.2.2 Field Methods Used in the Unsaturated Region of the Soil

Measuring the saturated hydraulic conductivity of unsaturated soils located above
the water table (or in the absence of a water table) by in-situ methods is more difficult than
measuring K for saturated soils. The important difference is that the original unsaturated
soil must be artificially saturated to perform the measurements. An extra large quantity of
water may be needed to saturate the medium, which results in a more elaborate and time-
consuming measurement. The results of these in-situ measurements of K are commonly
called the field-saturated hydraulic conductivity.

Many in-situ methods have been developed for determining the field-saturated
hydraulic conductivity of soil materials within the unsaturated (vadose) zone of the soil. As
listed in Table 5.4, the available standard methods for measuring field-saturated K include
(1) the shallow-well pump-in or dry auger-hole, (2) the double-tube, (3) the ring infiltrometer,
(4) the air-entry permeameter, and (5) the constant-head test in a single drill hole. A
complete guide for comparing these standard methods is presented in ASTM D5126-90,
Standard Guide for Comparison of Field Methods for Determining Hydraulic Conductivity in
the Vadose Zone (ASTM 1992n). Further detailed discussion on these standard methods can
also be found in Amoozegar and Warrick (1986).

5.3 RESRAD DATA INPUT REQUIREMENTS

In RESRAD, the user is requested to input a saturated hydraulic conductivity value
in units of meters per year (m/yr) for three soil materials: contaminated, unsaturated, and
saturated zones.

The vertical infiltration of water within the contaminated zone and through the
unsaturated region of the soil, the subsequent vertical leaching, and the transport of
contaminants into the underlying aquifer are the important aspects of the problem being
modeled. Consequently, in RESRAD, the saturated hydraulic conductivity values related to
the contaminated and unsaturated zones of the soil should represent the vertical component
of K. For isotropic soil materials, the vertical and horizontal components of K are the same;
for anisotropic soils, however, the vertical component of K is typically one or two orders of
magnitude lower than the horizontal component.

The major concern within the saturated zone is related to the horizontal transport
of the contaminants that have infiltrated through the unsaturated zone and reached the
aquifer. Therefore, the input value for the saturated hydraulic conductivity (K) of the soil
material in the saturated zone should reflect the horizontal component of K.

The estimation of the values of K to be used in RESRAD can be performed at
different levels of site-specific accuracy, depending on the amount of information available.
For generic use of the code, a set of default values of K is defined as 10 m/yr for the
contaminated and unsaturated zones and 100 m/yr for the saturated zone. These values
approximately represent the condition of an anisotropic sedimentary soil material, that is,
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silt, loess, or silty sand, in which the vertical component of K is one order of magnitude lower
than the horizontal component.

If the geological stratigraphy and the soil textures at the site are known, a better
(i.e., more accurate and site-specific) estimation of K can be performed with the help of
Tables 5.1, 5.2, 5.3, or 5.4. However, if values in the literature are used in place of actual
site data, no more than one significant digit is appropriate.

For an accurate site-specific estimation of the input data for RESRAD, the values of
K should be measured either in the laboratory or in field experiments according to one of the
standard methods listed in Table 5.5.

Because of the intrinsic difficulties of the methods available for in-situ measurements
of field-saturated K in unsaturated regions of the soil, it is recommended that laboratory
methods be used for determining the vertical component of K in the contaminated and
unsaturated zones. In these cases, either variation of the constant-head or falling-head
method can be used, depending solely on the actual values of K being measured. As
mentioned previously, the constant-head method is more applicable for large values of K (in
the range of 10°-108 m/yr), and the falling-head method is more applicable for lower values
of K (in the range of 102-10% m/yr).

Determination of the horizontal component of K in the saturated zone of the soil can
be accomplished either by laboratory (i.e., constant-head and falling-head) or field methods
(i.e., auger-hole, piezometer, and well-pumping). In the laboratory, the value of the
horizontal component of K in cohesionless soil materials can be approximated by the
conductivity of a disturbed soil sample obtained by the permeameter method. For cohesive
soil materials, the undisturbed cohesive soil sample can then be oriented in the horizontal
direction to obtain the appropriate value of K. In the field, most of the methods available for
the determination of K in the saturated zone will reflect the value in the horizontal direction.
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6 VOLUMETRIC WATER CONTENT

6.1 DEFINITION

The water content in soils is usually expressed as either a dimensionless ratio of two
masses or two volumes, or is given as a ratio of a mass per unit volume. These dimensionless
ratios can be reported either as decimal fractions or percentages, if multiplied by 100. To
avoid confusion between the two dimensionless water content ratios, their basis (i.e., mass
or volume) should always be stated. However, in cases in which no indication is given, the
figure is assumed to be based on mass because in the determination of the soil water content,
the mass-basis figure is usually obtained first and then converted to a volume-basis figure
(Gardner 1986). In RESRAD, the input data related to the water content in soil materials
are entered on a volume basis (volumetric water content).

The water content in soils on a mass basis, w, is defined as the ratio of the mass of
the liquid phase (water), M), in the given soil sample to the mass of the solid material, M,
according to the following expression:
M;

w = . (6.1)
M

s

The volumetric water content, 68, in the soil (also called the volume wetness or
volume fraction of soil water) represents the fraction of the total volume of soil that is
occupied by the water contained in the soil. Assuming that V, is the volume of the liquid
phase (water) in the soil sample and that V, is the total volume of the sample, the volumetric
water content, 9, can then be defined as follows:

o- V. _ V1 (6.2)

v, Vs + Vp ’

where V_ and Vp represent, respectively, the volumes of the solid phase and the pore space.

From the definition presented in Equations 6.1 and 6.2, the volumetric water
content, 8, can be expressed in terms of the mass-basis water content, w, according to the
following formula:

Vi Milpy _\Myps| | Pe ’ (6.3)

e = —— =
V., Mpy |Mgp, Puw

where p, is the bulk density of the soil (see Section 2) and p,, is the water density.
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The volumetric water content is also expressed in terms of the total porosity, p,, and
the water saturation (or saturation ratio), R, according to the following expression:

9 = ptRS , (64)

where p, is the total porosity (Section 3.1 for parameter definition), and R, the saturation
ratio, is defined as the ratio of the volume of water, V), to the volume of the pore space, Vp.
Therefore, considering the definitions of p, and R, the expression for the volumetric water
content 6 can be rewritten as follows:

Vo, 1V, %
0 =pRs = ||l [ v - 6.5)
t r t

The possible values for 8 range from near zero for dry soils approaching zero
saturation, up to the value of the total porosity for fully saturated soils. The lower limit of
zero for the volumetric water content is hardly achievable because it is difficult to completely
eliminate the water from the soil. In sandy soils, the upper limit of 6, which is equal to the
total porosity p,, is also hardly achievable because of the difficulty of eliminating all the air
bubbles in the soil in order to saturate it completely. Yet, because clayey soils swell upon
wetting, the values of 8 for these soils can exceed their total porosity.

6.2 MEASUREMENT METHODOLOGY

Direct and indirect methods can be used to determine the volumetric water content
of soils. The direct methods consist essentially of drying and weighing a known volume of
a soil sample. The indirect methods are based on the correlation of certain physical and
physicochemical properties of the soil with its water content.

An extensive discussion on both direct and indirect methodologies for measuring
water content in soils is presented in Gardner (1986). On FUSRAP sites, the standard
method used for determining the (mass-basis) water content in soil materials is
ASTM D 2216-90, Standard Test Method for Laboratory Determination of Water (Moisture)
Content of Soil and Rock (ASTM 1992e¢). This method is related to the determination of the
mass-basis water content, w, rather than to the volumetric water content, 6, as required in
RESRAD. However, the volumetric water content can be determined from Equation 6.3.
when the mass-basis water content and the bulk density of the soil material (Section 2) are

known.

Generally, in a direct measurement method, the volumetric water content 6 of a soil
sample is evaluated on the basis of three measured quantities: (1) W, the wet weight of the
soil sample; (2) W, the oven-dried weight of the sample; and, (3) V,, the field volume or the
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total volume of the sample. With these measured quantities available, the volume of the
liquid phase (water), V;, in the sample can then be calculated as

Vv, = Wy - Wa) (6.6)

Puw

and the volumetric water content (8) can finally be determined from Equations 6.2 and 6.6
as

8 = Vi Wo - Wa 6.7)

_V: th w ’

where p,, is the density of water.

Variations in the direct methods for determining the volumetric water content are
related to different ways of collecting the soil samples, measuring the field volume (V, ), and
drying the samples. Possible direct methods of collecting the soil samples and measuring V,
have been discussed in Section 2.2 in regard to soil densities.

The definition of a dry state for the soil sample (and the establishment of a method
to achieve this state) constitutes the key problem in determining the volumetric water
content in soils. As a common practice, such as that described in Section 2.2, the oven-dried
weight of the soil sample is measured after drying the sample at 105°C until a near constant
weight is reached (Hillel 1980b). As discussed by Gardner (1986), however, this procedure
for the ovendry method is not precise enough and could create uncertainties and inaccuracies
in the measured result. Therefore, if the determinations of water content for a particular site
are considered critical, other procedures than the ovendry method should be adopted
(Gardner 1986).

The indirect methods of measuring the water content in soils rely on certain physical
and physicochemical properties of the soil and their relation to the volumetric water content
(8). Usually these relationships are complicated and require a sophisticated methodology and
equipment to express them. The indirect methods of measuring volumetric water content are
applicable for in-situ rather than laboratory determinations and involve measuring some
property of the soil that is affected by the soil water content such as (1) electrical
conductivity, (2) neutron scattering, or (3) neutron and gamma-ray absorption (Gardner
1986).

Similar to the discussion of the determination of soil densities, the indirect methods
used for measuring volumetric water content present some advantages over the other related
laboratory techniques. The main advantages are (1) in-situ evaluation of the water content;
(2) minimum disturbance of the soil; (3) relatively short measurement time, (4) applicability
to deeper subsoil determinations because of minimum excavation requirements; and (5) non-
destructiveness, with the possibility of continuous or repeated measurements at the same
spot. The disadvantages of such indirect methods are that they are more sophisticated and
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require expensive equipment and highly trained operators who must be able to handle the
frequent calibration procedures, the electronics, and the sampling equipment. In the case of
a system that uses radioactive elements, the operator must be particularly trained in the
radiation aspects and radiological protection procedures of the whole operation.

6.3 RESRAD DATA INPUT REQUIREMENTS

To use RESRAD, it is necessary to define an input value for the volumetric water
content (6) of the soil of the cover zone and the building foundation material (i.e., concrete).
In RESRAD, the dimensionless values of the volumetric water content are entered as decimal
fractions rather than as percentages.

For generic use of the model, a set of default values for the volumetric water content
is defined internally in the code. The default values are 6 = 0.05 for the cover material and
6 = 0.01 for the building foundation material (i.e., concrete). Considering the default values
for total porosity, 0.4 and 0.1, the volumetric water content values correspond to saturations
of 0.125 and 0.1 for the cover material and concrete, respectively.

For more accurate use of the RESRAD code, site-specific values of the volumetric
water content should be experimentally determined according to the methods presented in
Section 6.2.
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7 EFFECTIVE RADON DIFFUSION COEFFICIENT

7.1 DEFINITION

The random movement of the radon gas atoms mixed in the air results in a net
migration of the radon gas toward the direction of its decreasing concentration in the air.
This phenomenon is called molecular or atom diffusion. The diffusion of radon in open air
can be described by Fick’s law, which states that the flux density of the diffusing substance
is linearly proportional to its concentration gradient. Fick’s law can be expressed as follows:

J=-DJC , (7.1)

where J is a vector representing the density flux of radon activity in units of actiﬁty-l'zT'l,VC
is a vector representing the gradient of radon activity concentration in the air in units of
activity-14, and D, is the molecular (or atom) diffusivity or the diffusion coefficient of radon
in open air in units of 12-T-1. Therefore, the diffusion coefficient D, can be defined from Fick’s

equation and expressed as the ratio of the magnitudes of the vectors <J to vC:

|71

D, =
IVC|

(7.2)

For radon diffusion in open air, Fick’s law is uniquely expressed and, consequently, the
diffusion coefficient of radon in open air, D, is also uniquely defined. However, when applied
to the conditions of radon diffusion in porous media, such as in soil materials, Fick’s equation
can be written in different ways, depending on how the variables flux density J and
concentration C are defined. Fick’s equation can be written in four distinct ways when
applied to the molecular diffusion phenomenon in porous media, depending on whether the
bulk or pore volume is used to define the concentration and whether the bulk or pore area
is used to define the flux density. These different ways of defining the radon diffusion
coefficient in soil lead to some confusion in selecting and using these parameters because the
symbols and nomenclature used have not been standardized (Nazaroff et al. 1988).

Two distinct ways of defining the diffusion coefficient of radon in porous media have
been adopted in the literature: (1) D, is the effective radon diffusion coefficient and (2) D is
the bulk radon diffusion coefficient. However, Culot (1976) and Nazaroff et al. (1988) have
noted discrepancies regarding the way these two coefficients are defined and used in
modeling the diffusion of radon through porous media. Therefore, the definitions of D, and
D adopted in this handbook are those suggested by Nazaroff et al. (1988).

Thus, the effective (or interstitial) radon diffusion coefficient, D, is defined from
Fick’s equation as the ratio of the diffusive flux density of radon activity across the pore area,

J,, to the gradient of the radon activity concentration in the pore or interstitial space, vC.
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This definition is equivalent to that relating the bulk flux density to the gradient of the bulk
concentration of radon activity in the soil and can be expressed as follows:

p. - el (7.3)

el

The bulk radon diffusion coefficient, D, is defined as the ratio of the diffusive flux density of
radon activity across a geometric or superficial area of the medium, J;, to the gradient of the

radon activity concentration in the pore space, VC, and can be expressed as follows:

p-_Tl (7.4)

Ve

The bulk and the effective radon diffusion coefficients in soil, D and D, respectively,
are correlated by the total soil porosity, p,, according to the following expression:

D = ptDe . (7.5)

In general, the diffusion coefficient in porous media is a property of the diffusing
species, the pore structure, the type of fluids present in the pores, the adsorption properties
of the solid matrix, the fluid saturations, and temperature. For radon diffusion in porous
media, the diffusivity for the other isotopes of radon (e.g., radon-220) has been observed to
be comparable to that for the isotope radon-222 (Nazaroff et al. 1988).

Several attempts have been made to correlate the radon diffusion coefficients in
porous media (D and D,) to the radon diffusion coefficient in open air (D) and the physical
properties of the medium such as the total porosity (p,). These attempts have not been
conclusive. According to experimental work performed by Currie (1960a,b) and quoted by
Rolston (1986) and Nazaroff et al. (1988), the coefficients D and D, can be correlated by an
expression of the following form:

D __ »n
D, YP,;

(7.6)

’

where y and p represent measures of pore shape of the soil materials. This empirical
relationship can fit data from a wide range of dry porous materials in which the values of y
generally lie between 0.8 and 1.0 and the values of p lie around 1.0. This empirical
relationship is not applicable, however, for very wet soil and strongly aggregate soil (Rolston
1986).
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The influence of soil moisture content on the effective diffusion coefficient of radon
in soil has been investigated by Rogers and Nielson (1991), who proposed the following
expression:

14
D, = Dp, exp(-6p,R,-6R, ") (7.7)

where D, = 1.1 x 10°° m?%/s is the radon diffusivity in open air, D, is the total soil porosity, and
R, is the water saturation in the soil (or the fraction of the pore space filled with water, also
called the saturation ratio).

7.2 MEASUREMENT METHODOLOGY

The diffusivity (or the diffusion coefficient) of radon in soils can be measured by both
field and laboratory experiments. In either case, the experimental evaluation of the
diffusivity consists in determining the numerical value of the coefficient appearing in Fick’s
equation. Because of the difficulties in implementing field methods, laboratory methods are
generally used to determine the radon diffusivity in porous media and particularly in soil
materials.

Variations of the laboratory methods for measuring radon diffusivity in porous media
have been developed and as yet no standard (or recommended) method exists. All the various
laboratory methods are based on the solution of the mass balance equation that represents
the diffusion process in a one-dimensional configuration. Depending on the approximation
taken on the time domain for the solution of the diffusion equation, these methods can be
separated into two distinct groups: (1) the steady-state diffusion method and (2) the
transient diffusion method (Nielson et al. 1982).

The steady-state method used in the laboratory for the determination of the radon
diffusivity in soil material without a source of radon within it is based on the solution of a
one-dimensional diffusion equation in the x-direction, expressed as follows:

d?C _

Aeo-0 . (7.8)
2 De

This steady-state equation is obtained by coupling the one-dimensional Fick’s
equation,

J, - - D3¢ | (7.9)
dx
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with the one-dimensional, steady-state, continuity equation,

dfe _ AC (7.10)
dx

where J, is the effective flux density of radon activity (pCi)(m?s), C is the concentration of
radon activity in the pore space (pCi/m?), and A is the radon decay constant (1/s).

A steady-state diffusion method for determining the effective radon diffusion
coefficient (D,) in uncontaminated (no radon source) soil materials was implemented by Silker
and Kalkwarf (Silker 1981; Silker and Kalkwarf 1983) on the basis of theoretical
developments by Cohen (1979). The apparatus used in this method consists of a column of
test soil of known depth, d, which is sealed at one end to an air chamber of known volume
containing a radon source with a known and constant strength. The other end of the test soil
column is kept open. As a boundary condition for this system, it is assumed that in a steady-
state situation, the effective flux density of radon activity at the bottom of the column, J,,
is constant and uniquely dependent on the strength of the radon source and the geometry of
the system. Also, the radon activity concentration at the open end of the soil column is
assumed to be negligible (i.e., zero).

On the basis of these assumptions and conditions, the effective radon diffusivity, D,,
can then be evaluated by the following equation (Silker and Kalkwarf 1983):

24
2 Cojz(g)l—e ! ’ (7.11)

where C, is the radon activity concentration within the air chamber, and [ is the radon
diffusion length (or relaxation length) parameter within the porous medium, which is defined
as follows:

(7.12)

The right side of Equation 7.12 is a well-defined function of the parameter ratio d/!
and is independent of the measured values of C, and J,,. The left side of the equation is
dependent on the measured results. Therefore, by selecting the size (i.e., thickness) of the
soil test sample, d; determining the effective flux density J,, on the basis of the strength of
the radon source and the column diameter; and making several measurements of
C_; Equation 7.9 can be graphically or numerically solved for the ratio d// and subsequently
for D,
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Typically, the soil samples used in the determination of D, have a cylindrical shape
with a height to 10 cm and an inner diameter of 14 cm. After equilibration, the steady-state
radon concentration in the bottom chamber, C, is determined by several measurements
taken over a 7- to 14-day period. Each measurement consists of withdrawing about 5 cm?
of gas from a typical 800-cm® bottom chamber and determining the radon concentration by
using either a scintillation flask technique (such as a Lucas cell) or charcoal absorption and
gamma-ray spectrometry (Silker 1983).

7.3 RESRAD DATA INPUT REQUIREMENTS

In RESRAD, the user is requested to input an effective diffusion coefficient value of
radon for three materials: (1) the soil of the cover zone, (2) the soil of the contaminated zone,
and (3) the building foundation material (i.e., concrete). The dimensions of these input values
of D, are in units of square meters per second (m?%/s). For each porous material considered,
the value of D, is assumed to be the same for both radon isotopes addressed in RESRAD, that
is, radon-222 and radon-220.

The effective radon diffusivity values in porous media (soils and concrete included)
vary over a wide range of several orders of magnitude depending on the porous material and
particularly on its degree of water saturation. Table 7.1 lists representative values of
effective diffusion coefficients of radon obtained by different researchers for a range of
unconsolidated soil materials, concrete, and other building materials. Because of the
differences in the experimental methodologies adopted by the various researchers, these
experimental data are not easily comparable. Nevertheless, they may give an indication of
the expected values of D, in the field.

Typically, the effective diffusion coefficient of radon in unconsolidated soil material
with a low moisture content is about 10 m?/s. The upper limit is represented by the radon
diffusion coefficient in open air, D, which is about 1.1 x 10° m%s. At the lower extreme, in
a fully saturated soil material the radon diffusion coefficient may be as low as 10710 m%s.
In RESRAD, a default value of D, equal to 2.0 x 10® m'%/s was adopted for both the cover
and contaminated zones. According to the data presented in Table 7.1, this default value of
D, would represent the average effective radon diffusion coefficient in soils with a lower
moisture content and composed of silty and clayey sands. The observed range of variation
of D, in concrete, as presented i m Table 7.1, goes from 8.0 x 10°t0 4.0 x 107" m%s. A default
value of D, equal to 3.0 x 10 7 m%/s was adopted in the RESRAD model to represent the
effective radon diffusion coefficient in concrete.

The estimation of the values of the effective radon diffusion coefficient (D,) to be used
in RESRAD can be performed at different levels of site-specific accuracy, depending on the
amount of information avallable For generic use of the code, a set of default values of D,
was defined as 2.0 x 10 m?s for the cover and contaminated zones and 3.0 x 10"7 m%/s for
the building foundation (i.e., concrete). If the type of soil materials at the site is known, a



TABLE 7.1 Effective Diffusion Coefficients for Radon in Unconsolidated Soil Materials
and Concrete®

Effective Radon Diffusion

Uranium mill tailings
Loams

Mud

Concrete

Other materials

Brick
Gypsum

(5.4-7.2) x 10
8 x 1077
5.7 x 10710

(1.1-4.0) x 107
1.2 x 108
34 x 108
3.3 x 108
(0.8-8.4) x 108

(0.8-3.0) x 1077
(1.0-4.0) x 10®

w = (0.7-1.5)% dry weight
Dry

0=37%

p, = 0.11-0.13

p, = 0.25

p; = 0.05
p, = 0.068

Porous Material Coefficient, D, (m?%sh Comment Reference
Unconsolidated soil material
Compacted silty sands (3.0+1.3) x 106 p, = 0.29-0.36 Silker and Kalkwarf (1983)
R = 0.05-0.34
Compacted clayey sands (3.2+1.5) x 108 p, = 0.32-0.39 Silker and Kalkwarf (1983)
R, = 0.09-0.55
Compacted inorganic clays (2.5+1.0) x 108 p, = 0.32-0.43 Silker and Kalkwarf (1983)
R, = 0.06-0.34
Silty sandy clay 2.7 x 106 w = 1.5% dry weight Strong et al. (1981)
25 x 107 w = 10.5% dry weight
6.0 x 108 w = 17.3% dry weight

Strong et al. (1981)
Tanner (1964)
Tanner (1964)

Poffijn et al. (1988)
Culot et al. (1976)
Culot et al. (1976)
Zapalac (1983)
Stranden (1988)

Stranden (1988)
Stranden (1988)

? p, = total porosity, R, = volumetric water saturation, w = percent water content by weight, and

0 = percent volumetric water content.

Source: Adapted from Nazaroff et al. (1988).

£9
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slightly more accurate estimation of D, can be performed with the help of Table 7.1. For
most applications, this approach will suffice because of the natural variability of D, within
the soil and building materials of any specific site.

In cases in which there are reasons to suspect that the default values of the effective
radon diffusion coefficient (D,) do not reflect the conditions at a specific site and there is no
possibility of measuring D,, the RESRAD code is able to estimate it internally on the basis
of the values of the water saturation (calculated from the volumetric water content) and total
porosity, according to Equation 7.7. To implement this option, the user should enter any
negative number as an input value of D, to RESRAD.

For an accurate site-specific estimate of the input data to RESRAD, however, the
values of D, should be measured in either the laboratory or field experiments. Whenever
necessary and possible, the measurement of D, in the soil cover zone (it is assumed that it
is not contaminated with radon sources) should be performed in the laboratory by using a
method such as the Silker and Kalkwarf (1983) technique.
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8 RADON EMANATION COEFFICIENT

8.1 DEFINITION

The radon emanation coefficient, €, is the fraction of the total amount of radon
produced by radium decay that escapes from the soil particles and gets into the pores of the
medium. It is also called the emanating power, emanating fraction, release ratio, and
escape-to-production ratio. The radon emanation coefficient is a dimensionless parameter
and is represented as either a fraction or a percentage.

The two most common radioisotopes of radon gas, radon-222 and radon-220, are
generated by a radioactive process of alpha decay from two radium isotopes, radium-226 and
radium-224, respectively. Because of the conservation of linear momentum in the
alpha-decay process, the newly created radon-222 and radon-220 atoms are left with a kinetic
(usually called "recoil") energy of about 86 and 103 keV, respectively (Nazaroff et al. 1988).

Thus, after being generated, the radon atoms tend to move away from their original
location until their recoil energy is totally transferred to the medium. Consequently,
depending on their original location within the solid phase of the soil, the soil pore
distribution, and the soil moisture content, the newly created radon atoms may end up within
the same soil particle in which they were created, within the adjacent soil particle because
of posterior penetration after escaping from the host soil grain, or within the pore of the
medium.

Experimental data reported by several investigators indicate that the radon
emanation coefficient is strongly influenced by the moisture content of the medium,
particularly within the range of low water saturation (Nazaroff et al. 1988). On the basis of
results of this kind, it has been hypothesized that the amount of water present in the pore

increases the absorption of the recoil energy of the radon atom passing through it, thus
enhancing the chance that the atom will terminate its recoil within the water. Partition

equilibrium of radon in the water and air phases in the pore will follow afterwards based on
Henry’s law.

Although temperature may influence the magnitude of the radon emanation
coefficient, it has been demo