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NOTATION

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

ACRONYMS, INITIALISMS, AND ABBREVIATIONS

AHS
ANL
ASTM

CSFI
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DCF
DOA
DOE
DOl

DRF

EPA

FDR
FUSRAP
FW

IAEA
ICRP

LLD
L/S

NAS
NCDC
NCI
NCRP
NHANES
NMFS
NMM
NOAA
NRC
NRCS

PNNL

American Housing Survey
Argonne National Laboratory
American Society for Testing and Materials

Continuing Survey of Foodtake by Individuals
Center forSurvey Statistics and Methodology (lowa State University)

dose conversion factor

U.S. Department of the Army
U.S. Department of Energy
U.S. Department of the Interior
dose reduction factor

U.S. Environmental Protection Agency

frequency domain reflectometer
Formerly Utilized Sites Remedial Action Program
freshwater

International Atomic Energy Agency
International Commission on Radiological Protection

lower limit of detection
liquid-to-solid ratio

National Academy of Sciences

National Climate Data Center

National Cancer Institute

National Council on Radiation Protection and Measurements
National Health and Nutrition Examination Survey

National Marine Fisheries Service

neutron moisture meter

National Oceanic and Atmospheric Administration

U.S. Nuclear Regulatory Commission

National Resources Conservation Service

Pacific Northwest National Laboratory
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REV

SCS
SW

TCDD
TDR

USDA
USLE

Residential Energy Consumption Survey

representative elementary volam

U.S. Soil Conservation Service
saltwater

tetrachlorodibenzg-dioxin
time domain reflectometer

U.S. Department of Agriculture
Universal Soil Loss Equation

UNITS OF MEASURE
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cm®

d
ft2

g
gal
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in.
keV
kg

2
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M
m
degree(s) Celsius m
centimeter(s) m
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m

m

day(s) m
mol

square foot (feet) mrem
mSv

gram(s)

gallon(s) pCi

hour(s) S

inch(es) T

kiloelectron volt(3 Vv

kilogram(s)

square kilometer(s) yr

liter(s)

length

length squared
length cubed
pound(s)
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mile(s)
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millimeter(s)
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millirem(s)
millisievert(s)
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time
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DATA COLLECTION HAND BOOK TO SUPPORT
MODELING THE IMPACTS OF RADIOACTIVE MATERIAL
IN SOIL AND BUILDING STRUCTU RES

by

Charley Yu,Sunita Kamboj, Cheng WangndJing-Jy Cheng

ABSTRACT

This handbook is an ude of the 1993 version of theafa Collection
Handbookandthe Radionuclide Transfer Factors Repirtsupport modeling the
impact of radioactive material in soil. Many new parameters have been added to
the RESRA Family of Codesand new measurement methodologies are
available. A detailed review of available parameter dstdwasconducted in
preparation of this neWwandbook. This handbook is a compamimeument to the
user manuals when using the RESRAD (@)siind RESRABOFFSITEcode. It
can also be used folHSRAD-BUILD code because some of the buildireate
parameters are included in thiandbook. Th®@ESRAD(onsite)has been
developed for implementing U.Bepartment of Energy Residual Radioactive
Material GuidelinesHydrogeological, meteorological, geochemical, geometrical
(size, area, depthyrops and livestogkhuman intake, source characterisied
building characteristiparameters are used in the RESR@Dsite)code.The
RESRAD-OFFSITE cdle is an extension of the RESRAD (onsite) code and can
also model the transport of radionuclides to locatmiiside the footprint of the
primary contaminationThis handbook discusses parameter definitions, typical
ranges, variationgndmeasurement mieddologieslt also provides references
for sources of additional informatioAlthough this handbook was developed
primarily to support the application of RESRARmIly of Codesthe discussions
and values are valid farse ofotherpathway analysis modebnd codes

1 INTRODUCTION

The RESRADFamily of Codes is a suite of software tools developed by Argonne
National LaboratorfyANL) for the evaluation of radiologically contaminated sites
(Yu etal. 2013 Yu 2007, 2006Yu 1999).In 1993, a Data Collection Handbo@ku et al.
1993) and a Radionuclide Transfer Factors Report (Wang et al. w883)ublished to support
the use of RESRAD (onsite) code for modeling the impacts of radioactive materials ifrsoil
RESRAD (onsiteromputer code evaluates the radiological dose and excess cancer risk to an
individual who is exposed while residing and/or working in an area where soil &woated
with radionuclides (Ywetal. 2001). RESRAD(onsite) codevas developed by KL in the 080s
(Gilbert et al. 198pin support of the U.Department of Energy (DOE) Order establishing



residual radiactive material guidelines (DOBrder5400.5 now superseded by Ordé58.J).

The DOE and other agencies and their contratiave usethe RESRA (onsite)codeandits
manual to derive cleanup criteria and dose calculatiims DOE Office of Environment

Health, Safety and Security and the OfficdeofzironmentaManagemenprovide periodic
guidance regarding any significant changes to the codlenranualSince its first release in June
1989, many new features and pathways have been added to the RESRAE)codein
response to feedback from users and sponshesRESRAD team has patrticipated in many
national and international model intercamnigon studies in which both hypothetical and actual
contaminated sitbased scenarios were analyzed usiedRESRAD (onsite) code. The
development ofthe RESRADOFFSITE code started the 1990s and itwas recently improved
with a new source term modeh the request of U.8luclear Regulatory Commission

(Yu etal. 2013b).Because many new parameters have been added to $RAREC0des and
new measurement methodologies are available as well as parameter database are available now,
it is time to updat¢he 1993 Data Collection Handboakd Radionuclide Transfer Factors
Report Both RESRAD (onsite) and RESRADFFSITE codes consider a building or house
located orthe contaminated soillTherefore, mny buildingrelated parameters are discussed in
this handibok. These buildingelated parameters are also used in theRRESBUILD
computercode which is designed for the evaluation of radiologically contaminated buildings
(Yu et al. 2003)Hence this hagtbook is useful when BSRAD-BUILD codeis being appliedo
evaluate radiologically contaminated buildireged structuresidditional information on the
parameters used in RESRARJILD is documented in previous work (Kamboj et al. 2000,

Yu et al. 2000, an8iwer et al.2002.

Fifty-six parameters are discussadhis handbookThe definition, typical range, default
value used in RESRAIDnsite) and RESRAIDFFSITE relation to other parameters, and
measurement methodologye given ér most of the measurable parameters. Taldlésts the
default values and tHewer and upper bounds set in the RESR@Dsite)code for each
parameter used in the codablel.2 lists the default values and the lower and upper bounds set
in the RESRABOFFSITE code for each parameter used in the ddueintent 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 RESR@&Dsite) and RESRAIDFFSITEcodes.

The default parameter values listed in Talild and1.2have been carefully selected
and use of these valyes most casewyill not result insignificantunderestimation of the dose
or risk. Sitespecific parameters should be used whenever possgpecially for sensitive
parameters

The topics disgssed in each section of this handbook are as follSedtion2,
hydrogeological parameterSection3, meteorological parameterSection4, radon emanation
parametersSectionb, building characteristic paramete&ection6, crop and livestock
parametes; Section7, human intake parametefSection 8, source characteristic parametexsd
Section9, miscellaneouparametesto estimate derived concentration guideline levels.
References argivenin Section10.



TABLE 1.1 Default Values, Lower Boundsand Upper Bounds for RESRAD
(onsite) Input Parameters

Default  Lower Uppef
Parameter Unit Value Bound Bound

Soil bulk density

Cover material glen? 1.5 0.001 22.5
Contaminated zone glen? 1.5 0.001 22.5
Unsaturated zone glent 15 0.001 22.5
Saturated zone glen? 1.5 0.001 225
Building foundation material glen? 2.4 0.001 22.5
Total porosity
Cover material - 0.4 0.00001 1
Contaminated zone - 04 0.00001 1
Unsaturated zone - 04 0.00001 1
Saturated zone - 04 0.00001 1
Building foundation material - 0.1 0.00001 1
Effective porosity
Saturated zone - 0.2 13 10* 1
Unsaturated zone - 0.2 13 10* 1
Hydraulic conductivity
Contaminated zone m/yr 10 0.001 13 10"
Unsaturated zone m/yr 10 0.001 13 10"
Saturated zone miyr 100 0.001 13109
Volumetric water content
Cover material - 0.05 0 1
Building foundation material - 0.03 0 1
Effective radon diffusion coefficient
Cover material mé/s 23 10° -1° 1
Contaminated zone mé/s 23 10° -1° 1
Building foundatiormaterial m/s 33107 -1° 1
Radon emanation coefficient - 0.25/0.15 0.01 1
(Radm-222/Radm-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




TABLE 1.1 (Cont.)

Default  Lower® Uppef
Parameter Unit Value Bound Bound
Soil-specificb 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 13 10% 10
Length of contaminated zomparallel m 100 0.0001 13 10°
to the aquifer flow
Watershed area forearby stream m? 13 10° 0.0001 13 10*
or pond
Water table drop rate m/yr 0.001 0 5
Well-pump intake depth m 10 0.00001 1,000
Radon vertical dimension of mixing m 2 0.001 1,000
Average annual wind speed m/s 2 0.0001 20
Average building air exchange rate 1/h 0.5 0 1,000
Building room height m 2.5 0.0001 100
Building indoor area factor - 0 0 100
Thickness of uncontaminated m 4 0 10,000
unsaturated zone
Building foundation thickness m 0.15 0 10
Foundation depth below ground m -1° -100 100
surface
Fraction of time spent indoors -@ite - 0.5 0 1
Fraction of time spent outdoors-gite - 0.25 0 1
Area of contaminated zone m? 10,000  0.0001 13 10"
Cover depth m 0 0 100




TABLE 1.1 (Cont.)

Default  Lower® Uppef
Parameter Unit Value Bound Bound
Distribution coefficient cmlg d 0
Fraction of annular areas within - 0 0 1
contaminated area
Radionuclide concentration in pCi/L 0 0
groq__n__t_j_yvater
Leach rate 1lyr 0 0
Livestock fodder intake
Meat kg/d 68 0 300
Milk kg/d 55 0 300
Mass loading for inhalation g/m?® 13 10* 0 1
Milk consumption rate L/yr 92 0 1,000
Filtration factor for inhalation - 04 0 1
Depth of roots m 0.9 0 100
Soil ingestion rate alyr 36.5 0 10,000
Thickness of contaminated zone m 2 13 10° 1,000
Radiation dose limit mrem/yr 25 0
Seafood consumption rate
Fish kglyr 54 0 1,000
Other seafood kglyr 0.9 0 100
Fruit, vegetable, and grain kglyr 160 0 1,000
consumption rate
Inhalation rate m/yr 8,400 0 20,000
Leafy vegetable consumption rate kglyr 14 0 100
Livestock water intake rate
Meat L/d 50 0 500
Milk L/d 160 0 500
Meat and poultry consumption rate kglyr 63 0 300
Shieldingfactor for external gamma - 0.7 0 1




TABLE 1.1 (Cont.)

Default  Lower® Uppef

Parameter Unit Value Bound Bound

Elapsed time of waste placement yr 0 0 100
Initial concentration of principal pCilg d 0
radionuclide
Drinking water intake rate L/yr 510 0 10,000
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/m?® 13 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

& The lower and upper bound values represent the lower and upper limit of an input value
can be entered to RESRADnNsite) codeThey do not represent the actual limit of the
parameter value physically. For some secondary (derpadmeters (e.g., leach rate), the
upper and lower bounds are derived from other primary (basic) parameters (e.g., thickn
contaminated zone).

A hyphen indicates that the parameter is dimensionless.

¢ A negative value f-1 dor this parameter serves as a flag in RESRAsite) codeSee the
section in the handbook on the particular parameter for details.

The default value is radionucligkependent.



TABLE 1.2 Default Values, Lower Bounds, and Upper Bounds for RESRAD

OFFSITE Input Parameters

Default  Lower® Uppef
Parameter Unit Value Bound Bound
Soil bulk density
Cover material glen? 1.5 0.001 22.5
Contaminated zone glent 15 0.001 22,5
Unsaturated zone glent 15 0.001 22.5
Saturated zone glent 1.5 0.001 22.5
Building foundation material glent 2.4 0 22.5
Fruit, grain, nonleafy agriculture area glent 15 0.001 22.5
Leafy vegetable agriculture area glent 15 0.001 22.5
Pasture, silage growing area glent 15 0.001 22.5
Grain growing area glent 15 0.001 22.5
Offsite dwelling area glent 1.5 0.001 22.5
Total porosity
Cover material P 0.4 0 1
Contaminated zone - 0.4 0.00001 1
Unsaturated zone - 0.4 0.00001 1
Saturated zone - 04 0.00001 1
Building foundation material - 0.1 0.0001 1
Fruit, grain, nonleafy agriculture area - 0.4 0.00001 1
Leafy vegetable agriculture area - 0.4 0.00001 1
Pasture, silage growing area - 0.4 0.00001 1
Grain growing area - 0.4 0.00001 1
Offsite dwelling area - 0.4 0.0001 1
Effedive porosity
Contaminated zone - 04 0.00001 1
Saturated zone - 0.2 0.00001 1
Unsaturated zone - 0.2 0.00001 1
Field capacity
Contaminated zone - 0.3 0.00001 1
Unsaturated zone - 0.3 0.00001 1
Hydraulic conductivity
Contaminated zone m/yr 10 0.001 13 10%
Unsaturated zone miyr 10 0.001 13 10%
Saturated zone miyr 100 0.001 13 10%
Effective radon diffusion coefficient
Cover material m/s 23 10° -1 1
Contaminated zone mé/s 23 10° -1 1
Building foundation material mé/s 33107 -1 1
Fruit, grain, nonleafy agriculturarea mé/s 23 10° 0 1
Leafy vegetable agriculture area m/s 23 10° 0 1
Pasture, silage growing area m/s 23 10° 0 1
Grain growing area m/s 23 10° 0 1
Offsite dwelling area m?/s 23 10° 0 1




TABLE 1.2 (Cont.)

Default  Lower® Uppef
Parameter Unit Value Bound Bound
Radon emanation coefficient - 0.25/0.15 0.01 1
(Radm-222/Radm-220)
Precipitation rate m/yr 1 0 10
Runoff coefficient (contaminated zone, - 0.2 0 1
agricultural areas, livestock feed growing
areas, and-offsite dwelling area)
Irrigation rate (contaminated zone, agricultur — m/yr 0.2 0 10
areas, and livestock feed growing areas)
Evapotranspiration coefficient (contaminatec - 0.5 0 0.999
zone, agricultural areas, and livestock feed
growing areas)
Soil-specificb parameter
Contaminated zone - 5.3 0 15
Unsaturated zone - 5.3 0 15
Hydraulic gradient of saturatemne to well - 0.02 13 10% 10
and surface water body
Length of contaminated zomparallel to the m 100 0.0001 1,000,000
aquifer flow
Well-pump intake depth m 10 0.00001 1,000
Surface water body intake depth m 10 0 1,000
Radon vertical dimension of mixing m 2 0.001 1,000
Average annual wind speed m/s 2 0.001 20
Average building air exchange rate 1/h 0.5 0 1,000
Building room height m 25 0.001 100
Building indoor area factor - 0 0 100
Thickness of uncontaminatethsaturated zone m 4 0.01 10,000
Building foundation thickness m 0.15 0 10
Foundation depth below grousdrface m -1 -100 100
Fraction of time spent indoors -@ite - 0 0 1




TABLE 1.2 (Cont.)

Default  Lower® Uppef
Parameter Unit Value Bound Bound
Fraction of time spent outdooos-site - 0 0 1
Fraction of time spent indoons off-site - 0.5 0 1
dwelling
Fraction of time spent outdoors «ite - 0.1 0 1
Fraction of-time sperih fruit, grain, nonleafy - 0.1 0 1
fields
Fraction of time sperih leafy vegetable fields - 0.1 0 1
Fraction of time sperih pasture and silage - 0.1 0 1
fields
Fraction of time sperih livestock grain fields - 0.1 0 1
Area of primary contamination and other are m? d e e
Cover depth m 0 0 100
Distribution coefficient cmlg e 0 13 10*
Shape of the primary contaminated &rea - polygon - -
Radionuclide concentration groundwatet pCi/L NA NA NA
Leach rate 1lyr 0 0 13 10*
Mass loading for inhalation g/m® 13 10* 0 2
Milk consumption rate L/yr 92 0 1,000
Shielding factor for inhalation - 0.4 0 1
Soil ingestion rate alyr 36.5 0 10,000
Thickness of contaminated zone m 2 13 10° 1,000
Radiation dose limit mrem/yr 25 - -
Seafood consumption rate
Fish kglyr 5.4 0 1,000
Other seafood kglyr 0.9 0 100
Fruit, vegetable, and gragonsumption rate kglyr 160 0 1,000




TABLE 1.2 (Cont.)

Default  Lower® Uppef
Parameter Unit Value Bound Bound
Inhalation rate m3lyr 8,400 0 20,000
Leafy vegetable consumption rate kaglyr 14 0 100
Meat and poultry consumption rate kaglyr 63 0 300
Shielding_factor for external gamma - 0.7 0 1
Initial concentration of principakdionuclide pCilg d 0 13 107°
Drinking water intake rate L/yr 510 0 1,000
Fraction ofdrinking water from site - 1 0 1
Fraction of aquatic food from site - 0.5 0 1
Livestock pasture and silage intake
Meat kg/d 14 0 300
Milk kg/d 44 0 300
Livestock grain intake
Meat kg/d 54 0 300
Milk kg/d 11 0 300
Livestock water intake rate
Meat L/d 50 0 500
Milk L/d 160 0 500
Livestock soil intake from pasture and silage
Meat kg/d 0.1 0 10
Milk kg/d 0.4 0 10
Livestock solil intake from grain
Meat kg/d 0.4 0 10
Milk kg/d 0.1 0 10
Mass loading for foliar deposition g/m® 13 10* 0 1
Depth of soil mixing layer m 0.15 0 1
Depth of roots
Fruit, grain, nonleafy m 1.2 0 10
Leafy vegetables m 0.9 0 3
Pasture and silage m 0.9 0 3
Grain m 1.2 0 10
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TABLE 1.2 (Cont.)

Default  Lower® Uppef
Parameter Unit Value Bound Bound

Fractionfrom groundwater
Drinking water -
Household water -
Livestock water -
Irrigation water -

S S
oooo
N N

Thelowerand upper bound values represent the lower and upper limit of an input parameter that
used in RESRABOFFSITE Forsome secondary (derived) parameters (prgnary contaminated
area), the upper and lower bounds are derived from other primary (basic) parameterar(dyg.,
coordinates).

A hyphen indicates that the parameter is dimensionless.

Definedas the depth of the aquifer contributing to the well or the surface water body.
Thedefault value is calculated from other input parameteco@rdinates anyg coordinates).
The default value is radionuclide dependent.

See the section inithhandlbok on the particular parameter for details.

9 Initially there is groundwater contamination.
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2 HYDROGEOLOGICAL PARAMETERS

The parameterdiscussedh this sectiorinclude soil densitytotal porosity, effective
porosity, hydraulic conductivitysoil-specific exponential b parameter, erosion rate, hydraulic
gradient, length of contaminated zone parallel to the aquifer flow, watershed area for nearby
stream or pond, water table drop rate)l-pump intake depth, thickness of uncontaminated
unsaturated zone, distribution coefficient, and leach rate.

2.1 SOIL DENSITY

Bulk density of dry soildftenreferredto as dry density in the text) is used in RESRAD
(onsite)and RESRABOFFSITE cods.Bulk density is related to the soil particle density and
total porosity. This section providdgscriptions of the techniques and procedures for measuring
both types of densitigslry density and soil particle density) because bothmexyeired for
calculating total porosity of the soil material

2.11 Definition

Density, as applied to any kind of homogeneous monophasic material o¥inaasis
volumeV, is expressed as the ratiodfto V. Under specified conditions, this definition leads to
unique \alues that represent a wdkfined property of the material. For heterogeneous and
multiphasic materials, such as porous meuiayeverapplication of this definition can lead to
different results, depending on the exact way the mass and volumesgstem are defined.

Soil is a typical heterogeneous multiphasic porous system which, in its general form,
cortains three natural phases: (i¢ solid phase or the soil matrix (formed by mineral particles
ard solid organic materials); (e liquid phas, which is often represented by water and which
could more properly be ttad the soil solution; and (3he gaseous phase, which contains air and
other gases. In this thrgdhase soil system, the concept of average density can be usedeo defi
the following densities: (1 ensi ty of sol i dsg (®bulksrarnydensgyar ti cl e
Jpyand 3t ot al or wet density,

The masses and volumes associated with the three soil phases must be defined before the
definitions of the different dertges that characterize the soil system can be formalized. Thus,
consider a representative elementary volume (REV) of soil that eatik® following criteria
(Bear1972; Marsily 1986):

1. A sufficiently large volume of sqitontaining a large numbef pores, s 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 function.
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Within a REV, the masses of the phases composing the soil can be defined as follows:
Ms = the mass of solids,
M, = the mass of liquids,

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

M = Mg + M, = the total mass.

Similarly, within the REV, the volumes associated with the soil phases can be defined as
follows:

Vs = the volume of solids,

V| = the volume of liquids,

Vg = the volume of gases,

Vp =V, + Vy = the volume of pore space,dan

Vi = Vs +V, + Vy = 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 citblength (MI).

2.11.1 Soil Particle Density

The soil particle density,, 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:

L— (2.1.1)

The soil particle density in soil mindsaangegrom about 1.80 3.2g/cn? (United
States Department of Agriculturd $DA] 2009). However, in most mineral soils, the soill
particle density has marrowrange of 2.62.7 g/cnt (Hillel 1980b). This density is close to that
of quartz, which is usually thegdominant constituent of sandgils. A typical value of
2.65g/cnT has been suggested to characterize the soil particle density of a geineral soil
(Freeze and Cherd979 USDA 2009). Aluminosilicate clay minerals have particle density

variationsin the same range. The presence of iron oxides and other heavy minerals increases the
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value of the soil particle density. Goethite, a common iron oxyhydroxide soil mihasah
particle density of 4.8/cn? (USDA 2009). The presence of solid organic materials in the soil
decreases the value.

2.11.2 Bulk (Dry) Density

The soil b ul k is the ratid of the ndassrofsthie sojid, phagse of the soil
(i.e.,dried soil) to its total volume (solid and pore volumes together) and is defined as follows:

(N (2.1.2)

The bul k,, dessreVatpd t o Jblythe tetaddoil porpsayrpt i c | e
according to thedllowing equation:

" p N " h (2.1.3)

where (1p,) is the ratio of the solid volum&() to the total volume\{ + Vg + Vs). Section2.2
of this report discusses total porosity.

From the above definition, it should be obvious that the waiitiee dry density is always
smaller than the value of the soil particle density. For example, if the volume of the pores
(M + Vy) accounts fohalf of the total volume, the value of dry density is half the value of the
soil particle density.

Typical values of dry density in different types of soils and in concrete are shown in
Table2.11. Dry density depends on the structure of the soil matrix (or its degree of compaction
or looseness) and on the soil maiiswelling/shrinkage characteristics. &asoils because of
less pore space compared to silt or clay sbhdse relatively high bulk density. Soils that are
loose, porous, or rich in organic matter have lower bulk density (US&Aral Resources
Conservation Servid®RCS] 2008). High bulk demsity is an indicator of low soil porosity and
soil compaction. It may cause restrictions to plant growth and poor movement of air and water
through the soil (USDANRCS 2008).Because of its high degree of aggregation @Greall total
porosity), concretéas, in general, a higher dry density than soil.

To use Tabl.11 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 aail is thefifeeld me t h o 8984). Bhisandtlyod 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 $slicks outp that is, develops a contious 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 talcurapowder feel when dry and @ly 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 lalvatory method to classify soil involves partidize analysis, in which sieves

are usually employed for coarser particles and the rate of settling in water fquditieles

(Marshall and Holme&979). TheJSDA has developed a method for naming soils on the basis
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of particlesize analysis. The relationship between such an analysis and soil class néumes is s
diagrammatically in Figur.11. The legend in the figure explains the akéhis soil texture
triangle.

TABLE 2.1.1 Dry Bulk Density (g/cnt) for Different Soil
Types from Different Source$§

NUREG/CR6697 Linsley et al. (1982);

Soil Type (Yu etal. 2000) Poffijn (1988)
Sand 151 1.52
Loamy sand 1.56 NAP
Sandy loam 1.56 1.44
Sandy clay loam 1.62 NA
Loam 1.51 1.36
Silt loam 1.46 1.28
Silt 1.43 NA
Clay loam 1.56 1.28
Silty clay loam 1.51 NA
Sandy clay 1.64 NA
Silty clay 1.70 NA
Clay 1.64 1.20
Generic soil type 1.52 NA
Concrete NA 2.40

a

The values are rounded to three significant digits.

P NA = not applicable.

2.11.3 Total (Wet) Density

The total, or wsthe ratiodoktmedotaltmass of sailith imterstitial |
liquid) to its total volume and can be defined as follows:

(N (2.1.4)

Total density differs from dry density in that it is strongly dependent on the moisture
content of the soil. For a dry soil, total density approximatesatue of dry density.

2.12 MeasurementM ethodology

For use in RESRAonsite) only the dry densities of five distinct materials (cover layer,
contaminated zone, unsaturated and saturated zones, and building foundation material) are
needed as input parameters. FBmRESRAD-OFFSITE code, the dry densities of agricultural
areas (fuit, grain, nonleafy, and leafy vegetables) and livestock field apaatute, silage, and
grain) are also required. However, because information dndadgtparticle and bulk (i.edry)
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density is required for calculatytotal porosity of the soil matial, descriptions of the
technigues and procedures for measuring both types of densities follow.

yvavv
VAN, s-\~/\A
N

Silt

% % ) % - °
\ Percent sand

FIGURE 2.11 U.S. Department of Agriculture Method for Naming Soils
(Note: Percentagsof sand, silt, and clay in the major soil textural classeare
shown. 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 ditir
sand|. The point at which the two projections cross will identify the class
name.) Source: Brady 1984

Thestandard 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 Bty of Testing Materials (ASTN007; 2008a, b, €009;
20104, b, c) and the U.Bepartment of the ArmyDOA 1970), as listed in Tab212. A
general discussiorf these measurement methodologies is piswided byBlake and
Hartge(19864a,b).
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TABLE 2.1.2 Standard Methods for Measuring ParticleDensity and Bulk (Dry) Density in Sail
Materials at FUSRAP Sites

Parameter Type of

Measured Measurement Standard Test Method Reference
Soil particle  Soil sample Appendix IV: Specific Gravity DOA (1970)
density testing

ASTM D 85410: Standard Test Method for Specific ASTM (2010a)
Gravity of Soil Solids by Water Pycnometer

Bulk (dry) Soil sample Appendix II: Unit Weights, Void Ratio, Porosity, and DOA (1970)
soil density  testing Degree of Saturation

ASTM D 7263;09: Standard Test Methods for ASTM (2009)
Laboratory Determination of Density (Unit Weight) of
Soil Specimens

In situ near ASTM D 1556;07: Standard Test Method for Density ASTM (2007)
surface testing and Unit Weight of Soil in Place by the Sa@dne
Method

ASTM D 216%08: Standard Test Method for Density ASTM (2008a)
and Unit Weight of Soil in Place by the Rubber Ballo
Method

ASTM D 693810 : Standard Test Methods forfftace ASTM (2010b)
Density and Water Content of Soil and S&ggregate
by Nuclear Methods (shallow depth)

ASTM D 293%10: Standard Test Method for Density ASTM (2010c)
of Soil in Place by the Driv€ylinder Method

ASTM D 4564,08el: Standard Test Method for Dens ASTM (2008b)
and Unit Weight of Soil in Pladay the Sleeve Method

In situ below  ASTM D 519%,08: Standard Test Method for Density ASTM (2008c)
surface testing of Soil and Rock IfPlace at Depths Below Surface by
Nuclear Methods

2.1.2.1 Soil Particle Density Measurement

Thesoil particle density of a soil sample is calculated on the basis of the measurement of
two quantities: (1Ms, the mass of the solid phase of the sample (dried paass)2)Vs, the
volume of tle solid phase (Blake and Harty@86b). Assuming that water is the only volatile in
a soil sample, the magdly) can be obtained by drny the sample (usually at 13®%°C) until it
reaches a constant weigh¥s. This method may not be valid for organic soils or soils with
asphalt.
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The solid phase volum#&, 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 containsveater (or another
liquid). After making sure that the soil/water mixture is free from air bubbles, thevelse
expansion in volume (i.ethe replaced volume of water) should be equakithe solid phase
volume. The problem with this approach is thet 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 voluwigi¢ to evaluae the mass and density
of water (or another fluid) displaced by the sample (after being-dried). This second
approach has been used for quite some time and is simple, direct, and aicdaretearefully

(Blake and Hartge 1986a). It is based on the fact thatifthe volumeof water displaced by the
solids, is equal t¥s, then

") — 0w — (2.1.5)
and

" R (2.1.6)

where
Mgw =mass of the displaced watand
Jw = water density.
Therefore, to obtain the soil partidensity, it is necessary to evaluate the water density at the
specific pressure and temperature conditions and to medsarelMy,, (DOA 1970, Appendix
IV; ASTM 2010a).

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

M = mass of the empty flask
Mis = mass of the flask plus the dried soil sample

Misw = mass of the flask plus the safterfill ing with water up to a fixed
volume, V4, and

Mw = mass of the flask filled with pure water up to the fixed volMne

The mass of the displaced watel,, can then be calculated as follows:
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0 0 0 0 0 (2.12.7)

SubstitutingMgy into the expression for soil particle densjty,yields

n (2.1.8)

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 fraepnesentative
sampling.

2.12.2 Dry Density Measurement

The dry ( by bfla3oil shraphessievalyatedd on the basis of two measured
values: (1Ms, the ovendried mass of the sampland (2)V;, the field volume or the total
vol ume of the sample. As stated prewjnmsssl! vy,
(My) is measured after drying the sample at £ 50 C until a near constant weight isched.
This laboratory technique directly determines thed#nsity of a soil sample (DORO70,
Appendixll). Possible direct methods of measuring the dry density include the core and
excavation methods, which essentially consist of drying and weighingven volume of soil.

Variations of these methods are related to different ways of collecting the soil sample and
measuring volume. In the core math@lake and Hartg&986a; ASTM2010c), a cylindrically
shaped metal sampler is introduced into the 8oih care to avoid disturbing the sample. At the
desired depth in the soil, a known field voluriw® f soil material is collected as it existssitu.

The sample is then ovatried and weighed to obtain the mass. The value of the dry density is
calcubted 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 samplgoduced into the

ground.

In the excaation method (Blake and Hart@®86a), the dry density of the solil is
determined by excavating a hole in the ground, alrging and weighing the amount of soil
removed from the ground to determine the masspaaburing the volume of the excavation.
The volume Y;) can be determined in different ways. One isge the sanfunnel method
(ASTM 2007) 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 vagnset@usethe
rubberballoon method (ASTM2008a). 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 dai.

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.
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An indirect method of measuring soil density, applicablerfaitu ratherthan laboratory
determinations, is called the radiation method or gairayattenuationlensitometry (Blake and
Hartge1986a; ASTM2010b; ASTM2008c). This method is based on the principle that the
amount of gamma radiation attenuated and scattered soilrdepends 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 svilam the sourceand by using proper calibration, the wet density
of theg <£ainl bey deter mi ned. Jacoreeioneofitheresutist he dr
needed to delete the contribution from the liquid phase of the soil.

The radiatiormethod used for measuring soil density has several advantages over other
related laboratory techniques: (Lyields anin situevaluation of soil density, (2 causes
minimum disturbance of the soil, (R)requires a relatiely short measurement tim@) it is
more applicable for deeper subsoil determinations because itaggunimal excavation, and
(5) it is a nondestructive technique because continuous or repeated measurements can be
performed at the same spot. The radiation method also hasisadeantages 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 egient. The system operator must be trained in the radiation
aspects and radiological protection procedures of the entire operation.

2.13 Data Input Requirements

In the RESRAD(onsite)code, one variable is assigned to represent the dry density,
measired in units of grams per cubic centimeter, of each of the following five materials:
(1) cover material, (2¢ontaminated zone, (3) unsaturated zonesgti)rated zone, and
(5) building foundation material (i.e., concretBensity of soil in theontaminated zone
together with radionuclide concentratspdeterming the total radioactive material inventory.
Forthe RESRAD-OFFSITE code, the dry densities of agricultural areas (fruit, grain, nonleafy,
and leafy vegetables) ahigestock field area§asture, silage, and grain) are also required.

For different types of soil, default value of 1.§/cnt is assigned for the dry density
value that is representative of a sandy soil. Although the building foundation material (i.e.,
concrete) has solid phase deity (i.e., particle density) similar to that of the soil, because of its
small total porosity, concrete has, in general, a higher dry density tharnrs®ESRAD
(onsite)and RESRABOFFSITE, a default value of 2gicnt is assigned for #hdry density of
the foundatiorbuilding material. This default value is provided for generic use of the codes. For
more accurate use of the codes,-sfiecificvalues for dry density should be experimentally
determined by using one of the methods desdiilb Section2.1.2.2 If a site-specific value is
not availableuse knowledge of soil typge obtaina slightly more accuratestimateof dry
densitywith data presented ifiable 2.1.11f neither sitespecific value nor soil type is known
thenuse dedultvalue For the probabilistic analysis, use the distributions developed for density
of soil of different soil types in NUREG/CIB697 {fYu etal. 2000).
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2.2 TOTAL POROSITY

2.21 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 systepniseghree
phased solid, liquid (water), and gas (adr)whereVsis the volume of the siol phase, is the
volume of the liquid phas&/y is the volume of the gaseous pha&es V, + Vy is the volume of
the pores, antl; = Vs + V; + Vy is the total volume of the sample, then the total porosity of the
soil samplep,, is defined as follows:

+
p,= \Q:M ) (2.21)
Vt VS+V|+Vg

Porosity is a dimensionless quantity and can be reported either as a decimal fraction or as
a percentagé.able2.21 lists representative total porosity ranges for various geologic materials.
A more detailed list ofepresentative porosity values (total and effective porosities) is provided
in Table2.22. In general, total porosity values for unconsolidated materials lie in the range of
0.250.7 (25%70%). Coarsaextured soil materials such as gravel and sand tehdve a
lower total porosity than fingextured 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. The porosity of a soikdelg on several factosuch as (1packing
density, (2Xhe particle size distribution, (F)articleshape, and (Hementing. Tabl2.2.3 shows

TABLE 2.2.1 Range of Porosity Values

Soil Type Porosity,p
Unconsolidated deposits
Gravel 0.250.40
Sand 0.250.50
Silt 0.350.50
Clay 0.40'0.70
Rocks
Fractured basalt 0.050.50
Karst limestone 0.050.50
Sandstone 0.050.30
Limestone, dolomite 0.000.20
Shale 0.00°0.10
Fractured crystalline rock 0.00'0.10
Dense crystallineock 0.00'0.05

Source Freeze and Cherry (1979).
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TABLE 2.2.2 Representative Porosity Values

Total Porosityp, Effective Porosity’, pe
Arithmetic Arithmetic
Material Range Mean Range Mean
Sedimentary material
Sandstone (fine) 0.140.49 0.33 0.020.40 0.21
Sandstone (medium) 0.30'0.44 0.37 0.120.41 0.27
Siltstone 0.2110.41 0.35 0.0110.33 0.12
Sand (fine) 0.250.53 0.43 0.0110.46 0.33
Sand (medium) 0.290.49 0.39 0.160.46 0.32
Sand (coarse) 0.3110.46 0.39 0.180.43 0.30
Gravel (fine) 0.250.38 0.34 0.130.40 0.28
Gravel (medium) 0.240.44 0.32 0.170.44 0.24
Gravel (coarse) 0.24/0.36 0.28 0.130.25 0.21
Silt 0.340.61 0.46 0.0110.39 0.20
Clay 0.340.57 0.42 0.0110.18 0.06
Limestone 0.07 0.56 0.30 ~010.36 0.14
Wind-laid material
Loess 0.44i0.57 0.49 0.14'0.22 0.18
Eolian sand 0.400.51 0.45 0.320.47 0.38
Tuff 0.07 0.55 0.41 0.020.47 0.21
Igneous rock
Weathered granite  0.340.57 0.45 - -
Weathered gabbro 0.420.45 0.43 - -
Basalt 0.030.35 0.17 - -
Metamorphic rock
Schist 0.0410.49 0.38 0.220.33 0.26

& Effective porosity is discussed in Sectidd of this handbook.

A hyphen indicges that no data are available.

SourcesMorris and Johnson (196 icWorter and Sunada (1977).

the relationship of total porosity to physical characteridticshe case oéilica sand
(Gibbetal. 1984).
2.22 MeasurementM ethodology
A standard method approved by the LABny Corps of Engineers for determining the

total porosity of soil materials, and used on FUSRAP sites, is desariBggbendix!l of DOA
(1970). Rarther discussionfdhis methodology ipresentedby Danielson and Sutherland (1986).
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TABLE 2.2.3 The Rdationship between Physical Characteristics of Grains and
Total Porosity

Total Porosity

Property Low High Reason
Size NA? NA Grain size has no influence on porosity
Sorting Poor Good Small grains fill in voids between large grains
Packing Close Loose Close packingeads to fewevoids between grains
Shape Spherical Oblong Spherical grains tend to pack more closely

Roundness Rounded Angular Rounded grains tend to pack more closely

a

NA = not applicable
Source: Gibb et al. (1984).

On the basis of the definition of total porosity, a soil sample could be evaluated for total
porosity by directly measuring the pore volurifg) @nd the total voluméx). The total volume
is easily obtained by measuring the total volume of the samplgdrkesolume can, 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 potpef the sample is rarely evaluated by a direct method.
Usually, the total porosity iderivedby using the following expression (DOW70, Appendix II;
Danielson and Sutherlari®86):

ptzgﬂ'\thS% Zg;—g (2.22)
where
Pt = a decimal fraction,
Vs = soll particle volume,
Vi = total volume,
s = solid phase (solil particle) density, and
}o =dry bulk density of the sample.

Equation(2.2.2 can be btained by rearranging Equati@1.3 in the soil densityection of

this handbook. singthis approach, the values jafandj, are evaluated by laboratory iorsitu
measurements (Secti@nin the soil densityection[2.1.2] of this handbookand are then used to
calculate the total porosity.
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2.23 Data |nput Requirements

To usethe RESRAD (onsite) and RESRADFFSITE codes, the user is required to define
or use the default values, dfie total porosity of fivelistinct materials(1) cover material,
(2) contaminated zone, (8nsaturated zone, (daturated zone, and Bilding foundation
material (i.e., concretefrorthe RESRADOFFSITE code, the total porosity il materialsin
agricultural areas (fruit, grain, nonleafycaleafy vegetables), livestock field arepasture,
silage, and grain), and efite dwelling aresare also requiredn both codes, the total porosities
are entered as decimal fractions rather than as percentages. RESRAD (onsite) and-RESRAD
OFFSITE adpt the following values as defaulg:= 0.4 for the fousoil materials listed above
andfor agricultural and livestock field areas and dwelling arethe RESRAD OFFSITE codea
default value ofy; = 0.1 for the building foundation (i.e., concreteusedn both codes. These
default values arkisted in Tablel.1 and argrovided for generic use of the codes. For more
accurate use of the caglsitespecific data should be uséthe total porosity is negatively
correlated with bulk (dry) densitiEquation(2.2.2).For the probabilistic analysis, use the
distributions developed for porosity of different soil types in NUREGBER7 (Y u etal. 2000.

Site-specific values fototal porosityshould be experimentally determinaccording to
the methogresented in Sectidh2.2 If asite-specific value is not availahlase knowledge of
soil type toobtaina slightly more accurate estimatktotal porositywith data presented in
Tables 2.2.1 and 2.2.R neither sitespecific value nor soil type islkbwn, thenuse default
value

2.3 EFFECTIVE POROSITY

2.31 Definition

The effective porositype, 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 talthe tot
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 approximatdeespéecific 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 iskied 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, consextly, the effective porosity is always smaller than the total
porosity. In a saturated soil system composed of two phases (solid and liquid) wh&iis (kg
volume of the solid phase, (%), = (Viv + Vmw) is the volume of the liquid phase, (@), is the
volume of immobile pores containing the water adsorbed onto the soil particle surfaces and the
water in the deadnd pores, (4Ymwis the volume of the mobile pores containing water that is
free to move through the saturated system, and;(5)Vs + Viy + V) IS the total volume, the
effective porosity can be defined as follows:
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(2.3.1)

Another soil parameter related to the effective soil porosity is the field caphcéigso
called specific reention, 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. Consideriagriegtesented above
for a saturated soil system, the total porogiignd the field capacitgf: can be expressed,
respectively, as follows:

0 _ (2.3.2)
and

- — (2.3.3)

Therefore, the effective porosity is relatedhe total porosity and the field capacity according to
the following expression:

b L — (2.3.4)

Several aspects of the soil system influence the value of its effective pofbsihe
adhesive water on minerals, (Bg absorbed water the claymineral lattice, (3}he existence
of unconnected pores, and (4¥ existence of deaehd 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 bmolecular attraction (Marsil$986). The sum of the volumes of the adhesive and
absorbed water plus the water that fills the unconnected aneeddgabres constitusghe
volume of the adsorbed wat#f,, that is unable to move through the system.

Table 2.31 lists the representative values of dry bulk density, total porosity, and effective
porosity for common aquifer matrix materials. A detailed list of representative porosity values
(total porosity and effective porosity) is also presentethinle2.2.2(seeSection2.2) inthis
handbook)

2.32 MeasurementM ethodology

Determination of the effective porosity, of soils can be accomplished indirectly by
measuring the total porositg, and the field capacityf, and then calculatinge from
Equation(2.34). The total porosity is obtained indirectly by measuring the soil densities
according to the method describediection2.1 To determine the field capacity of the soils, the
soil sample is first saturated with water and is themadtbto drain completely under the action
of gravity until it gets to its irreducible saturation. The valud, @an then be obtained according
to the methods used for measuring volumetric water co(ection2.15).
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TABLE 2.3.1 Representative Valuef Dry Bulk Density, Total
Porosity, and Effective Porosity for Common Aquifer Matrix

Materials
Dry Bulk Density Total Porosity Effective Porosity

Aquifer Matrix Range (g/cri) Range Range
Clay 1.002.40 0.34'0.60 0.0%0.2
Peat - - 0.310.5
Glacialsediments 1.152.10 - 0.050.2
Sandy clay - - 0.030.2
Silt - 0.34'0.61 0.0%70.3
Loess 0.751.60 - 0.150.35
Fine sand 1.371.81 0.26'0.53 0.1/ 0.3
Medium sand 1.371.81 - 0.1%0.3
Coarse sand 1.371.81 0.3110.46 0.20.35
Gravely sand 1.371.81 - 0.210.35
Fine gravel 1.362.19 0.250.38 0.210.35
Medium gravel 1.362.19 - 0.150.25
Coarse gravel 1.362.19 0.240.36 0.110.25
Sandstone 1.60'2.68 0.050.30 0.110.4
Siltstone - 0.2110.41 0.0110.35
Shale 1.543.17 0.0/'0.10 -
Limestone 1.742.79 0.0/0.50 0.0110.24
Granite 2.2412.46 - -
Basalt 2.002.70 0.0%0.35 -
Volcanic tuff - - 0.020.35

Source: Domenico and Schwartz 1990.

2.33 Datalnput Requirements

To use RESRADonsite and RESRABOFFSITE, the user is required to define (or to
use the default values)dahe effective porosity of two distingeologicmaterials: (1aturated
zone and (2unsaturated zone. Fdire RESRAD-OFFSITE codgthe effective porosityof the
contaminated zone is also required. In both codes, the effective porosity values are entered as
decimal fractions rather than as percentages. As a default value, the codes adopt the value of
pe = 0.2 for all threeggeologicmaterials.These default valueselisted in Tabls1.1and 1.2,
respectivelyfor RESRAD (onsite) and RESRADFFSITEand areprovided for generic use of
the codes. For more accurate use of the gaite specific data should be uséithe effective
porosity is positively correlated withe total porosity and negatively correlated with field
capacity Equation(2.3.4).For the probabilistic analysis, use the distributions developed for
effective porosity of different soil types in NUREG/@&R97 {Yu etal. 2000.

Site-specific values foeffective porosityshould be experimentally determinactording

to the method presented in Sectih8.2. Effective porosity values should not be gezahan total
porosity valueslf asite-specific value is not availahlase krowledge of soil type tobtaina
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slightly more accurate estimatéeffectiveporositywith data presented in Tal2e2.2
(Section2.2). If neither site specific value nor soil type is knqwimen use defaultvalue

2.4 HYDRAULIC CONDUCTIVITY

2.4.1 Definition

The hydraulic conductivity of a soil is a measure of thesaibility to transmit water
when sufected to a hydraulic gradient. Hydraulic conductivity is defined by Daarlaw, which,
for onedimensional vertical flow, can be writtenfaiows:

u= x40 (2.41)
dz

whereU is Darcy3s velocity (or the average velocity of the soil fluid through a geometric-cross
sectional area within the soil), h is the hydraulic head, and z is the vertical distance in the soil.
The coefficient of proportionalitfyK, in Equation 2.4.1) is called the hydraulic conductivity. The
term coefficient of permeability is also sometimes used as a synonym for hydraulic conductivity.
On the basis of Equatiog.@.1), the hydraulic conductivity is defined as the ratio of Pérc

velocity to the applied hydraulic gradient. The dimension of K is the same as that for velocity,
that is, length per unit of time ( LJ.

Hydraulic conductivity is one of the hydraulic properties of the soil; the other involves
the soibs 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 systader 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 steuot 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, speciurface, and porosity. In relation to the soll fluid, the important
properties include fluid density, }, and fl ui
the soil fluid, the hydraulic conductivity(, can be expressed as follo(iBear1972)

K = P9 (2.42)

m

wherek, the intrinsic permeability of the soil, depends only on properties of the solid matrix, and
} g ,/called the fluidity of the liquid, represents the properties of the percolating fluid. The
hydraulic conductivityK, is expressed iterms of length per unit of time (L], the intrinsic
permeability k, is expressedinl.a nd t h e g/, inu™TdBytusing Equatiorf2.4.2),
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DarcyGs law can be rewritten explicitly in terms of its coefficient of proportionality (hydraulic
corductivity K):

k=09 _ | (2.43)
m |dh/ dz
When the fluid properties of density and viscosity are known, Equiidi3) can be
used to experimentally determine the value of the intrinsic permeakijlégd the hydraulic
conductivity,K, as will be shown in the following section.

The values of saturated hydraulic conductivity in soils vary within a wide range of
several orders of magnitude, depending on the soil maf€aiale2.4.1lists the range of
representative values Kffor soil materials of different textures are presentetiaible2.4.2
A more detailed list of expected representative valué&shzfsed on the grain size distribution,
degree of sorting, and silt content of several soil materials is preseftadl@®?.4.3and
Table2.4.4 The default hydraulic conductivity values are listed in T@xe5.Newell et al.
(1990) developed a hydrogeologic dataldasen atechnical survepf 400 sites across the
United Statesand presented the box plot of hydraulic conductifotyl? groups of
hydrogeologic environmen{see Figure & Newell et al[199( for details). Their research
indicates that the hydraulic conductivity follo@$ognormal distribution. The median of the
national distribution of hydraulic conductivity is 0.005 cm/s (or xB& m/yr).

Because of the spatial variability usually found in the geological formation of soils,
saturated hydraulic conductivity valuesahow variations throughout the space domain within
a subsurface geological formation. Such a geological formation is said to be heterogeneous. If
the properties of the geologic formation are invariable in space, the formation is homogeneous. A
geologicalformation is said to be isotropic if at any point in the medium, the values of the
saturated hydraulic conductivitiK) are independent of the direction of measurement. Again,
because of the usually stratified nature of unconsolidated sedimentary swibiaasoils are
usually anisotropic. Within an anisotropic geological formation, the vertical component of the
saturated hydraulic conductivity is usually small®r §ne to two orders of magnitude) than the
horizontal component.

TABLE 2.4.1 Range ofSaturated Hydraulic Conductivity of
Various Soil Materials

Saturated Hydraulic

Soil Type Conductivity,K (m/yr)
Unconsolidated deposits
Gravel 1x 101 %10
Clean sand 1x1Gi1x 10
Silty sand 1x1di1x1d
Silt, loess 1x10%1 x 1G
Glacial till 1x10%1x10
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TABLE 2.4.1 (Cont.)

Saturated Hydraulic

Soil Type Conductivity,K (m/yr)
Unweathered marine clay 1x10% 1 x 10°
Rocks
Shale 1x10%1 x 10°
Unfractured metamorphic and igneous roc 1x10%1 % 10°
Sandstone 1x10%1x 10
Limestone and dolomite 1x10%1x10
--------------------- Fractured metamorphic and igneous rocks 1 x 10% 1 x 1¢
Permeable basalt 1x10i1 %10
Karst limestone 1x10i1 %10

Source: Adapted froriireeze and Cheri§1979)

TABLE 2.4.2 Representative Values of
Saturated Hydraulic Conductivity of
Different Soil Textures

Saturated Hydraulic

Texture Conductivity,K (m/yr)
Sand 5.55 x 16
Loamy sand 4.93 x 16
Sandy loam 1.09 x 16
Silty loam 2.27 x 16
Loam 2.19 x 16
Sandyclay loam 1.99 x 16
Silty clay loam 5.36 x 10
Clay loam 7.73 x 10
Sandy clay 6.84 x 10
Silty clay 3.21x10
Clay 4.05 x 10

SourceClapp and Hornbergg1978)

TABLE 2.4.3 Estimated Saturated Hydraulic
Conductivities for Fine-Grained Materials

Saturated Hydraulic
GrainSize Class  Conductivity, K (10° m/yr)

Clay <0.0001
Silt, clayey 0.1/0.4
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TABLE 2.4.3 (Cont.)

Grain-Size Class

Saturated Hydraulic
Conductivity, K (10° m/yr)

Silt, slightly sandy 0.5
Silt, moderately sandy 0.80.9
Silt, very sandy 1.0¢1.2
Sandy silt 1.2
Silty sand 1.4
Source EPA (1986)

TABLE 2.4.4 Estimated Saturated Hydraulic Conductivities for Sands and
Gravels According to Degree of Sorting and Silt Contefit

Saturated Hydraulic Conductiviti€, (10°m/yr)

Degree of Sorting Silt Content
GrainSize 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 P 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
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TABLE 2.4.4 (Cont.)

Saturated Hydraulic Conductiviti, (10°m/yr)

Degree of Sorting

Silt Content

GrainSize Class or Range  Poor Moderate Well Slight Moderate High
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 gravi 23 - - 18 15 12
Fine gravel 18 24 30 25 16 12
Fine to medium gvel 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

a

b

Source: EPAL986)

Reduce conductivitiesy 10% if grains are subangular.

A hyphen indicates that no data are available.

TABLE 2.4.5 Default Hydraulic Conductivity Values Used in RESRAD fnsite) and

RESRAD-OFFSITE

Code
Default Accepted
Parameter Name Unit Value Values References Description
Contaminatedzone miyr 10 10% 10 Yuetal. 1993;  The measure of the s@ilability to
hydraulic conductivity EPA 1996 conductiely transmit water when
for Cover and suljectedto a hydraulic gradient. The
Contaminated Zone hydraulic conductivity depends on
the soil grain size, the structure of tt
soil matrix, the type of soil fluid, and
the relative amount of soil fluid
(saturation) present in the soil matri;
Saturateezone miyr 100  10%10° Yuetal 1993 See contaminaterbne hydraulic
hydraulicconductivity EPA 1996 conductivity (above).
Unsaturategzone miyr 10 10%10° Yuetal 1993 See contaminaterbne hydraulic
hydraulicconductivity EPA 1996 conductivity (above).
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2.4.2 Measurement Methodology

The saturated hydraulic conductivitg, of water in soil (or the intrinsic permeabiljty
of the soil) can be measured by both field and laboratory experiments. Either way, the
experimental measurementk{or k) consists in determining the numerical value for the
coefficient in Darcys equation.

The methodology used for the experimental determinati¢h(of k) in either laboratory
or field experiments is based on the following proced(Besr1972)

1. Assume a flow pattern (such as atimensional flow in a porous medium)
that can be described analytically by Daxchaw,

2. Perform an experiment reproducing the chosen flow pattern and measure all
measurable quantities in Equati@4.3), including fuid density, dynamic
viscosity, flow velocity, and the gradient of the hydraulic head; and

3. Compute the coefficieri (or k) by substituting the measured quantities into
Equation(2.4.3).

Many different laboratory or field experiments can be usetkttermine the coefficiemt (or k).

An extensive discussion on the respective measurement methodologies for laboratory and
field experiments is presented Kiute and Dirkser{1986)and Amoozegar and Warri¢k986)
respectivelyFor FUSRAP sites, theastdard methods used for determining saturated hydraulic
conductivity in ®il materials are those describeglthe American Society for Testing and
Materials(ASTM 1992a0), the U.SEnvironmental Protection Agen¢izPA 1986) the
U.S.Department of the Arm{DOA 1970) and the U.SDepartment of the Interior
(DOI 1990a,b) Brief descriptions of these pertinent standard methods are presented in
Table2.4.6

Laboratory tests are carried out on small samples of soil materials colleciegl cbre
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 tundied samples, the measured valuk ¢br k)
should bea true representation of thesitu saturated hydraulic conductivity at that particular
sampling point.

Laboratory methods may be used to evaluate the vertical and horizontal hydraulic
conductivily in soil samples. For instance, in undisturbed samples of either cohesive or
cohesionless soils, the valueskobbtained through laboratory tests correspond to the direction
in which the sample was taken, that is, generally vertical. The conductidigtofbed
(remolded) samples of cohesionless soils obtained in the laboratory can be used to approximate
the actual value df in the undisturbed (natural) soil in the horizontal direc{D®A 1970) For
fine-grained soils, the undisturbed cohesive samoaitebe oriented accordingly, to obtain the
hydraulic conductivity in either the vertical or horizontal direction.
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In contrast to laboratory methods for measuring conductivity in soil samples, field
methods, in general, involve a large region of the &whsequently, the results obtained from
field methods should reflect the influences of both the vertical and horizontal directions and
should represent an average valu& ot his situation is especially important in highly stratified
soils where the vaks ofK measured from field methods would reflect the domination of the
most permeable layer in the soil profile. However, by appropriately selecting the specific method
to be used in the field, the situvalues of the vertical and horizontal componeriits 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 value determined by laboratory methods may notirtely 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 usuallyerexpensive than laboratory methods and,
consequently, when the question of cost becomes decisive, or when actual representation of field
conditions is not of fundamental importance anditn hydraulic conductivity is not available,
laboratory methodmay be used to determine the saturated hydraulic condudfivithie
inclusion of more factors such as mud content (Resak2015) intoempiricalhydraulic
equations has shown improvementoturacyof theK estimateNote that ér saturated
conditiors, field methods are superior to laboratory measurements; however, even field
measurements can represent local conditions (e.g., slug tests) and can have errors associated with
them (e.qg., skin effectshccording to Rovey and Niemann (2001ygstests mg be thought of
asrepresenting the harmonic mearooe-dimensionaflow; tracer testshe geometric mean or
two-dimensionaflow, andmulti-well pumping testghe arthmetic mean or théhree
dimensionaflow field. Depending on the scale being reprged and the problem being solved,
one method may be prefed overanother.
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TABLE 2.4.6 Standard Laboratory and Field Methods for Measuring Saturated Hydraulic Conductivity, K, in Soil Materials

Method
Type MethodSpecification Application Remarks References
Laboratory = Constanthead Disturbed (remolded) sample  The conductivity oflisturbed (remolded) DOA (1970)
conductivity test with ~ of cohesionless coarggained  cohesionless soil is generally used to approxima EPA (1986)

permeameter cylinder

Falling-head
conductivity testvith
permeameter cylinder

Conductivity test with

sampling tubes

Conductivity test with
pressure chamber

Conductivity test with
back pressure

Conductivity test with
consolidometer

soils withK > 1.0 x 16 m/yr.

Disturbed (remolded) sample
of cohesionless fingrained
soils withK < 1.0 x 16 m/yr.

Undisturbed samples of
cohesionless soil that cannot
be removed from the samplir
tube without excessive
disturbance.

Cohesive finggrained soil
samples in the undisturbed,
disturbed (remolded), or
compacted state in a fully
saturated condition.

Cohesive finggrained soil
samples in the undisturbed,
disturbed (remolded), or
compacted state that are not
fully saturated.

Cohesive finggrained soil
samples in a fully saturated
condition.

the conductivity of its original, undisturbed state |
a horizontal direction.

The conductivity of disturbed (remolded)
cohesionless soil is generally used to approxima
the conductivity of its original, undisturbethte in
a horizontal direction.

The measured conductivity corresponds to the
direction in which the sample was taken (genera
vertical); may be performed under consthetd or
falling-head flow conditions, depending on the
estimated conductivity of the sample.

Should be used only in soils that are originally fu
saturatedcan be performed under conditions of
loading expected in the field; leakage along the
sides of the sample can be prevented; usually
performed under fallingnead flow conditions.

The additional pressure (back pressure) applied
the pore fluid of the soil sample reduces the size
the gas bubbles in th@ges, increasing the degree
of water saturation; usually performed under
constanthead flow conditions.

Can be used as an alternative method to the
conductivity test with pressure chamber.

ASTM (1992m)
Klute and Dirkson (1986)

DOA (1970)

EPA (1986)

ASTM (1992m)

Klute and Dirkson (1986)

DOA (1970)

DOA (1970)
EPA (1986)

DOA (1970)
EPA (1986)
ASTM (1992m)

DOA (1970)
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TABLE 2.4.6 (Cont.)

Method
Type MethodSpecification Application Remarks References
Laboratory  Grainsizebased... . To evaluate the intrinsic The intrinsic permeabilityk, can be predicted from ASTM (1992n)
empiricalmethod permeability k, in disturbed the expressiok = cdf, wherec = constant found
samples of soil materials witt  through regression analysiss the mearor particle
known grainsize distribution.  diameter; and = exponent constant, ranging fromr
1.65to 1.85.

[After determining k, the
saturated hydraulic
conductivity,K, can then be
evaluated from
Equation(2.4.2).]

Field Auger-hole method Saturated soil materials near The method consists of pumping the water out 0 Amoozegar and Warrick

Piezometer method

the 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.

augerhole extending below the water table and tl
measuring the rate of the rise of the watethe

hole; most widely used procedure to measure thi
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 tt
or pipe into an auger hole with a cavity at the
bottom; water is removed from the tube angl rhite
of the rise of the water in the tube is measured; ¢
be used to measure either horizontal or vertical
hydraulic conductivity; in stratified soils, the
method can be used to measkine eachindividual
layer.

(1986)

Amoozegar and Watrrick
(1986)
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TABLE 2.4.6 (Cont.)

Method
Type MethodSpecification Application Remarks References
Singlewell (slug)-test— Saturated soil materials of Pumpout test method developed primarily for EPA (1986)
in moderagly moderateK in aquifers under  groundwater systems; the method consists of
permeable formations  unconfined conditions. removing a slug of water instantaneously from a
underunconfined well and measuring the recovery of the water in 1
conditions well; applicable to wells that fully or partially
penetrate the ietval of interest in the unconfined
aquifer; the measure€ primarily reflects the value
in the horizontal direction.
Field Singlewell (slug) test  Saturated soinaterials of Pumpout test method developed primarily for EPA (1986)
in moderately moderately hydraulic groundwater systems; the method consists of
permeable formations  conductivity in testing zones  removing a lug of wateénstantaneously from a we
under confined under confined conditions, and measuring the recovery of the water in the w
conditions entirely open to thevell used in confined aquifer (saturated zone of the s
screen or open borehole. under confined conditions); the method assumes
that the tested zone is uniform in all radial
directions from the test well
Singlewell (modified Saturated soil materials with  Pumpout test method developed primarily for EPA (1986)

slug) test in extremely
tight formations under
confined conditions

low to extremely low
conductivity such as silts,
clays, and shales. (For K as
low as 1.0 x 16 m/yr).

groundwater systems; the test is conducted by
suddenly pressurizing a packeff zone of the soil
in a portion of a borehole or well within the
confined zone and then monitoring the pressure
decay afterwards; ed in confined aquifer
(saturated zone of the soil under confined
conditions).
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TABLE 2.4.6 (Cont.)

Method
Type MethodSpecification Application Remarks References
Constanthead To measurdield-saturated Pumpin test consisting of measuring the rate at ~ Amoozegar and Warrick
conductivity test by the hydraulic conductivity of soil ~ which water flows out of an uncased well into the  (1986)
well permeameter—— materials in the unsaturated  soil under constarttead flow conditions; specially ASTM (1992)
method (also referred  (vadose) zone near the grou  used to determine the fiekhturated hydraulic DOI (1990a)
to as shallowwell surface. conductivity in unsaturated zones of thod gout
pumping, or dryauger can also be used in saturated zones); for a very
hole, method) Soil types ranging from sand  groundwater condition, @ump-outo test for
silt and clay mixtures, with saturated soils is often more satisfactory than an
K larger than 1.6x 10° m/yr, fipoumpino type of test; the calculated K is
to relatively clean sand or dominated by the conductivity of the most
sandy gravel with permeabldayer of the soil profile; in uniform soils
K <1.0 x 10*m/yr. the measured K reflects the conductivity in the
horizontal direction; requires a large quantity of
water and a long time (several daf®)execution.
Field Doubletube method To measure fielgatuated Utilizes two concentric cylinders installed in an Amoozegar and Warrick
hydraulic conductivity obil auger hole; water is introduced into these cylinde (1986)
materials in the unsaturated  andK is evaluated by measuring the flow in the ASTM (1992n)
(vadose) zone, near the cylinders; can measure fieddturated K in the
ground surface. horizontal and vertical directions; the method
requires ger 200 L of water and two to six hours
for completion.
Field Cylindrical To measure fielgaturated The method consists of ponding water within a Amoozegar and Warrick

permeameter method
(also referred to as rin
infiltrometer test
method)

hydraulic conductivity ooil
materials in the unsaturated
(vadose) zone near the grou
surface.

Soil materials wittK ranging
between 1.0 x Idand

1.0x 10° m/yr.

cylindrical ring placed over the soil surface and
measuring the vohaetric rate of water needed to
maintain a constant head; measures the-field
saturate in the vertical direction near the groun
surfaceatime-consuming procedure, requiriing
excess of 100 L of water; variations of the methc
include the singlging and doublering
infiltrometers.

(1986)
ASTM (1992i,n)
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TABLE 2.4.6 (Cont.)

Method
Type

MethodSpecification

Application

Remarks

References

Air-entry permeamete
method

Constarthead
conductivity test in
single drill hole

To measure fiekbaturated
hydraulic conductivity of soil
materials in the unsaturated
(vadose) zone near the grou
surface.

To measure fiekbaturated
hydraulic conductivity ooil
materials at any depth within
the unsaturated (vadose) zol
Soil or rock materials with K
ranging between 1.0 x 1and
1.0 x 14 m/yr.

Fasttechnique to determine the fieddturate;
requires approximately 10 L of water; is a variatic
of the singlering infiltrometer method.

Pumpin test consisting of injecting water into an
isolatedinterval of a drill hole in soil or rock undet
constarthead flow conditions; the only currently
available test that can measure fisiturate at
large depths within the unsaturated zone; design
to determine an approximate valuekoih a specific
interval of a drill hole.

Amoozegar and Watrrick
(1986)
ASTM (1992n

Amoozegar and Watrrick
(1986)

ASTM (1992n)

DOI (1990b)




2.4.2.1 Laboratory Methods

In the laboratory, the value &fcan be determined by several different instruments and
methods such as the permeameter, pressure chamber, and consoliflo@wt&®70) A
common feature of all these methods is that a soil sample is placed in a small cylindrical
receptacle representingpae-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 cemstaigst with a
steadystate flow regimen or a fallinjead test with an unsteadtate flow regimen.

Constanthead methods are primarily used in samples of soil materials with an estimated
K above 1.0< 107 m/yr, which corresponds to coargmined soils sutas clean sands and
gravels. Fallinghead methods, on the other hand, are used in soil samples with estimated values
of K below 1.0x 10> m/yr (DOA 1970) A list of standard laboratory methods for determiriing
with variations of the constatiead and fallindhead flow conditions, is presentedTiable2.4.6
Also listed inTable2.4.6 as a laboratory method for measurigs the grairsizebased
empirical method, in which the intrinsic permeabilkypf the soil sample is empirically
determined from the otherwise laboratongasured grain size distribution of the soil sample.

Important considerations regarding the laboratory methods for mea&uairegrelated to
the soil sampling procedure and preparatf 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 put it requires the use of specially designed techniques and instryiiem¢sand
Dirksen 1986)

A detailed guide on the standard methods fdrsaonpling is presented in
ASTM D 470Q;91, Standard Guide for Soil Sahmg from the Vadose Zone (ASTWRRI).
Relatively undisturbed soil samples, suitable for the determination of hydraulic conductivity in
the laboratory, could be obtained, for example, by using thenhiled tube sampling method in
ASTM D 1587%83, Standard Practice for the Thivialled Tule Sampling of Soils
(ASTM 1992c¢). In this technique, a relatively undisturbed soil sample is obtained by pressing a
thin-walled metal tube into the soil, removing the Siiéd 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. Whenappitopriate 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 deaerateen@0@&Icium sulfate (CaSp
solution, saturated with thymol (sterilized with another substance such as formaldehyde)
should be in the permeameter, unless there are specific reasons to choose another solution (Klute
and Dirkserl986).
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2.4.2.2 Constant-Head Method

The constanhead test with the permeameteoig of the most commonly used methods
for determining the saturated hydraulic conductivity of cograéned soils in the laboratory.
The test operates in accordance with the direct application of @davy to a soil liquid
configuration representing aedimensional, steady flow of a percolating liquid through a
saturated column of soil from a uniform cresstional area. In this method, a cylindrical soill
sample of crossectional are& and length. is placed between two porous plates that do not
provide any extra hydraulic resistance to the flow. A constant head diffeténeel,, is then
applied across the test sample. By measuring the voluoh¢he test fluid that flows through the
system during timg the saturated hydraulic conductivKyof the soil can be determined
directly from Darcys equation:

K= Lt (2.44)

gA(H, H)

To improve the results, it is recommended that the test be performed several times under
different head differencesl, - Hi. It is also recommended that the quantity of liquidexdéd be
sufficient to provide at least three significant figures in the measured volume. In a simple version
of the constanhead permeameter, the lower limit of the measuremeRtioapproximately
1 x 10" m/yr, which corresponds to the lower limittbe conductivity of sandy clay soils. For
lower values oK, it is recommended that either an enhanced version obtistasithead
permeameter (i.eane that has a more sensitive method of measuring the volume flow rate) or
the fallinghead permeameteelused (Klute and Dirksen 198@able2.4.6presents variations
of the constanhead method for measuring saturated hydraulic conductivity of soil materials in
the laboratory.

2.4.2.3 Falling-Head Method

The fallinghead test with the permeameter is primarily used for determiniri (tvek)
value of finegrained soils in the laboratory. Like the constagad method, the fallinlgead test
also operates in accordance with direct application of @atayto a onedimensional,
saturated column of soil with a uniform cresectional area. The falliAigead method differs
from the constanbead method in that the liquid that percolates through the saturated column is
keptin an unsteadigtate flow regimen imvhich both the head and the discharged volume vary
during the test. In the fallingead test method, a cylindrical soil sample of ceesgional areé
and lengthL is placed between two highly conductive plates. The soil sample column is
connected to aandpipe of crossectional area, in which the percolating fluid is introduced
into the system. Thus, by measuring the change in head in the standpip& thl, during a
specified interval of timé, the saturated hydraulic conductivity can be deiteethas follows
(Klute and Dirkseri986):

daL gaH
K=g—| aq_|—1 2.45



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

A common problem encountered in using either the conbtzad or fallinghead 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, lamagyalthey 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 nkeasigalways
recommended that the degree of saturation of tmpleabe verified by measuring the sandple
volumetric water content and comparing the result with the total porosity calculated from the
particle density.

For a more accurate laboratory measuremektiofsoil samples in which the presence
of air bubble 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, consequergfsesdhe degree of water
saturation.

2.4.2.4 Field Methods

The several methods developedifositudetermination of saturated hydraulic
conductivity of soils can bgeparated into two groups: (hpse that are applicable to sites near
or below a ballow water table and (2hose that are applicable to sites well above a deep water
table or in the absence of a water table. More specifically, these groups are applicable to sites
located, respectively, in the saturated and unsaturated zones of.theether group (simildy
to the laboratory methods), thielueof K is obtained from Dardy law after measuring the
gradient of the hydraulic head at the site and the resulting soil wateT fllabe2.4.6lists several
standard methods used forsitu determination oK in saturated and unsaturated regions of the
soil.

Field Methods Used in Saturated Regions of the SoMany in situmethods have been
developed for determining the saturated hydraulic conductivity of saturated soils within a
groundwater formation under unconfined and confined conditions. These methods incthde (1)
augerhole and piezometer methods, which are useshaonfined shallow water table
conditions (Amooggar and Warrick986), and (2yvell-pumping tests, which were primarily
developed for the determination of aquifer properties used in the development of confined and
unconfined groundwater systems (EP286.

Auger-Hole Method. The augethole method is the field procedure most commonly used
for in situdetermination of saturated hydraulic conductivity of soils. This method has many
possible variations (Amoozegar and Warrick 1986). In its simplest fooondists 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 becono&scadent with the water table level. The
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actual tests staredby removing the entire amount of water from the hole and measuring the rate
of the rise of the water level within the cavity.

Because of the thredimensional aspect of the flow patterrtloé 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 configuration$hese 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 changesith time (Amoozegar and Warricko86).

The augeihole method is applicable to an uncoefimaquifer with homogeneous soill
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 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 aupete method are not reliable for cases in which
(1) the waer table is above the soil surfa¢e) artesian conditions exist, (8)e soil structure is
extensively layeredyr (4) highly permeable small strata occur.

Piezometer Method The piezometer method, like the augpete method, is applicable
for determning the saturated hydraulic conductivity of soils in an unconfined aquifer with a
shallow water table level. Unlike the aud®ie method, however, the piezometer method is
appropriately designed for applications in layered soil aquifers and for detagreither
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 duibe kst 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 radiusr and heighhc within the aquiferThe water in the piezometer tube is first removed to
clean the system and is then allowed to equilibrate with the groundwater level.

Similary to the augehole method, the piezometer methamhsists ofemoving the
water from the pipe and then measgrihe 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
thewater table in the tube. The value for the conductivity is calculated with the help of a
nomograph am tables (Amoozegar and WarritR86).

Depending on the relative lengtic] of the cavity as compared with its radiuf the
piezometer method can be used to determine the horizontal or vertical component of the
saturated hydraulic conductivity. Thushifis large compared tQ the results obtained reflect
the horizontal component & Otherwise, ifhcis small compad tor, then the vertical
component oK is estimated. The piezometer method is especially suitable for determining the
conductivity of individual layers in stratified subsurface systems.
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Well-Pumping (Slug) Methods The wellpumping (slug) test is agpable for insitu
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.W&ltiations of the welpumping testcalled
singlewell tests (EPAL986), are listed ifable2.4.6

In contrast to the augéiole and piezometer methods, the results of which reflect an in
situ average of a relatively small region of soil around teated cavity in the soil, well
pumping tests also provide ansitu representation of the soil hydraulic conductivity, but
averaged over a larger representative volume of the soil. The measured rdsyitsratrily
reflect the value in the horizontatekction. (Further references for these methods can be found in
EPA (1986), Freeze and Cherry (1979), and Amoozegar and Warrick (1986).)

Field Methods Used in the Unsaturated Region of the SoMeasuring the saturated
hydraulic conductivity of unsatured soils located above the water table (or in the absence of a
water table) by irsitu methods is more difficult than measurkdopr saturated soils. The
important difference is that the original unsaturated soil must be artificially saturated to perform
the measurements. An exderge quantity of water may be needed to saturate the medium,
which results in a more elaborate and toomsuming measurement. The results of theséun
measurements & are commonly called the fielshturated hydrauliconductivity.

Many in situmethods have been developed for determining the $ifdrated hydraulic
conductivity of soil materials within the unsaturated (vadose) zone of the soil. As listed in
Table2.4 6, the available standard methods for measuieid-saturate include (1)the
shallowwell pump-in or dry augethole, (2)the doubletube,(3) the ring infiltrometer, (4)jhe
air-entry permeameter, and (b constanhead test in a single drill hole. A complete guide for
comparing these standarcethods is presented in ASTM D51926, 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 tfoaind in
work of Amoozegar ad Warrick (1986).

2.4.3 Data Input Requirements

In RESRAD(onsite) and RESRAIDFFSITE 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, asadurated 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 aspecteeproblem being modeled.
Consequently, in RESRADNsite) and RESRAEDFFSITE, the saturated hydraulic
conductivity values related to the contaminated and unsaturated zones of the soil should
represent the vertical componentkofFor isotropic soil mat@ls, the vertical and horizontal
components oK are the same; for anisotropic soils, however, the vertical componkns of
typically one or two orders of magnitude lower than the horizontal component.
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The major concern within the saturated zone &teel 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 conduc(Kjtef the soil material in the
saturated zone should raftehe horizontal component Kt

The estimation of the values Kfto be used in RESRA[nsite) and RESRAD
OFFSITEcan be performed at different levels of sgeecific accuracy, depending on the
amount of information available. For generic use of the code, a set of default vetuiss of
defined as 1@n/yr for the contaminated and unsaturated zones and 100 m/gefsaturated
zone. These values approximately represent the condition of an anisotropic sedimentary soil
material, that is, silt, loess, or silty sand, in which the vertical compon&nisaine order of
magnitude lower than the horizontal compon&hie code accepted value for hydraulic
conductivity ranges betweeniand 168° m/yr for all the three soil materials, as shown in
Tablesl.1.1 and 1.1.2

If the geological stratigraphy and the solil textures at the site are known, a better
(i.e.,more accuree and sitespecific) estimation oK can be performed with the help of
Table2.4.1throughTable2.4.4.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 sigpecific estimation of the input data for RESRAD, the valué§ of
should bemeasured either in the laboratory or in field experiments according to one of the
standard methods listed Trable2.4.6

Because of the intrinsic difficudts of the methods available fiorsitu measurements of
field-saturatedK in unsaturated regions of the soil, it is recommended that laboratory methods be
used for determining the vertical componenKah the contaminated and unsaturated zones. In
thesecases, either variation of the consthatd or fallinghead method can be used, depending
solely on the actual values Kfbeing measured. As mentioned previously, the consizant
method is more applicable for large value&dfn the range ofl®® - 1¢ m/yr), and the falling
head method is more applicable for lower value (ifi the range ofil0* - 1G ml/yr).

Determination of the horizontal componentoiin the saturated zone of the soil can be
accomplivied either by laboratory (i.epnstarthead and fallinghead) or field methods
(i.e.,augerhole, piezometer, and wedumping). In the laboratory, the value of the horizontal
component oK in cohesionless soil materials can be approximated by the conductivity of a
disturbed soil sample obtained by the permet@mmethod. For cohesive soil materials, the
undisturbed cohesive soil sample can then be oriented in the horizontal direction to obtain the
appropriate value df. In the field, most of the methods available for the determinatiéhiof
the saturatedone will reflect the value in the horizontal direction.

The saturation ratio can be estimated by using the following equation (Clapp and
Hornberger 1978):
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Clhsat = (2.4.6)

where
I = infiltration rate (m/yr),

Ksat = saturated hydrdic conductivity (m/yr), and
b = soil-specific exponential parameter (dimensionless).

When the medium is saturatdddequals unity. Under unsaturated infiltration conditions,
the saturation ratio is a function of the infiltration rate, the saturatdcihlc conductivity, and
the texture of the soil, as shownkqguation(2.4.6) The volumetric water content of the
unsaturated zone is calculated by

q=R. (2.4.7)

The calculated volumetric water content is checked against the field capacity of the
unsaturated soil and porosity. The field capacity sets the lower limit of the volumetric water
content and is used to replace the calculated value when the calculateis wahaller. Once the
volumetric water content is set to the field capacity, the saturation ratio is recaltylatsidg
Equation(2.4.7). The porosity, on the other hand, sets the upper boundary of the volumetric
water content and is used to replace ¢hlculated value when the calculated value is larger.

25 SOIL-SPECIFIC EXPONENTIAL 6PARAMETER

2.5.1 Definition

The soitspecific exponentiadh parameter is one of several hydrological parameters used
to calculate the radionuclide leaching rate of the contaminated zone. (See also precipitation rate,
irrigation rate, runoff coefficient, evapotranspiration coefficient, hydraulic conductivity, d@nd so
porosity.) The soikpecificb parameter is an empirical and dimensionless parameter that is used
to evaluate the saturation ratio (or the volumetric water saturaRgmy, the soil, according to a
soil characteristic function called the conductiitpction (i.e. the relationship between the
unsaturated hydraulic conductivitg¢, and the saturation ratiB).

It has been suggested that a power function is an acceptable form of representing the
conductivity function. As cited by Clapp and Horndper (1978), Campbell (1974) derived a
partly empirical and partly theoretical conductivity function on the basis of the power function
model; this function proved to be reasonably accurate over a large number of cases. Campbell
suggested the following pa@wr expression to represent the working relationship for the
conductivity function:
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k=R*9, (2.5.])

where
k =relative conductivity (or relative permeability, dimensionless),
Rs = saturation ratio (dimensionless), and
b = fitting parameter, called theoil-specific exponential parameter, which

must be determined experimentally.

The relativeconductivity, k, at any location in the unsaturated zone is defined as a ratio of
the unsaturated hydraulic conductivik, at that point, to the saturated hydm@aaonductivity,
Ksat Thus,k can be expressed as follows:

k = K (2.5.2
Substituting the definition of the relative permeabikityito Equation(2.5.1) yields
K*; = R®"9 (2.5.3
or
a K @13 |
R _?ﬁg 9 (2.5.9

In downward water infiltration into the unsaturated upper layer of the soil, the infiltration
rate,l, (see also precipitation rate), can be approximated by the unsaturated hydraulic
conductivity,K (Hillel 1980a). Therefore, substitutingfor K in Equaion (2.5.4) yields

a1l .

oAl B
—aq\ (0]
Q -

sat

(2.5.5

Equation(2.55) is used internally in the RESRADnNsite)model to evaluate the
volumetric water saturatiofRs, in all unsaturated regions of thelsyistem. According to
Equation(2.5.5), under unsaturated infiltratimonditions, the saturation rati is a function of
the infiltration ratd,, the saturated hydraulic conductivKy,, and the texture of the soil, as
determined by the fitting parameterWhen the medium is fully saturatédequalsKsa, andRs
eqguals unity.
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2.5.2 MeasurementM ethodology

The soitspecificbh parameter is an empirical fitting parameter and, therefore, must be
determined experimentally. For each type of soil, the best estimatsaafbe obtained by
adjusting the bedit values ofthe soil to an experimentally determined curve of relative
permeability versus saturation, according to the power function model proposed above
Equation(2.5.1).

Determining the conductivity functiorf @ soil sample experimentally by measuring the
relative permeability and the saturation is not an easy laboratory task because of many technical
and procedural difficulties. Yet some data have been reported in the literature that demonstrate
reasonable agement with the proposed model. For example, Clapp and Hornberger (1978) have
reported that Campbé&l model (Campbell 1974) for the conductivity function has proven to be
acceptable under different conditions of soil saturation over a wide rahgealoes (0.1¢13.6)
and even for values of saturatidf, near unity (i.e.full saturation).Table2.5.1lists
representative values the soilspecific exponentidb parameter fowvarious soil textures.
Section2.1.2provides a discussion on soil textures.

2.5.3 Data Input Requirements

In RESRAD (onsite) and RESRADFFSITE, the user is requested to define an input
value for the soibpecificb parameter for (1jhe contaminated zone, (@) unsaturated zone
strata, and (3the saturated zone. Inpiatr the saturatedoneb parameters requiredonly if the
water table drop rat&géction2.10) is greater than zero.

TABLE 2.5.1 Representative
Values of SoitSpecific Exponential
b Parameter

Soil-Specific

Exponential

Texture Parameterh
Sand 4.05
Loamy sand 4.38
Sandy loam 4.9
Silty loam 5.3
Loam 5.39
Sandy clay loam 7.12
Silty clay loam 7.75
Clay loam 8.52
Sandy clay 10.4
Silty clay 10.4
Clay 114

Source: Clapp and Hornberger (1978)
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Reported measured data indicate that valubsvafy within the range of 0.£1.3.6
(Clapp and Hornbergdr978). A default value of 5.3 was adopted in the RESRAD (onsite) and
RESRAD-OFFSITE moded This value represents the condition of a silty loam satlenial.
Whenever possible, however, séipecific input data fob should be used in the RESRAD
calculation.The range ob accepted by the code varies from 0 to 15 for cover and contaminated
zone and unsaturated zone, and froni*16 15 for saturatedane, as shown in Tab®5.2.

A relatively more accurate value of paramdtéor sitespecific soil materials can be
obtained from the data listed in Tall&.1. For most applications, this approach should suffice
because of the difficulties in obtang laboratory determinations of the soil conductivity
function.

2.6 EROSION RATE

2.6.1 Definition

The erosion rate is the average volume of soil material that is removedrsplace to
another by running water, waves and currents, wind, or moving ice per unit of ground surface
area and per unit of time. The erosion rate represents the average depth of soil that is removed
fromlthe ground surface per unit of time at the aitd is expressed in units of length per time
(LT™).

TABLE 2.5.2 Default Soil-specificExponential b Parameters Usad in RESREAD (onsite) and
RESRAD-OFFSITE

Code
Default Accepted

Parameter Name Unit Value  Values References Description
Cover anccontaminated - 5.3 0i15 Yuetal 1993; An empirical and dimensionless
zone b parameter EPA 1996; parameter that is used to evaluate

Clapp and the saturation ratio (or the
Saturated zone b - 5.3 10%%15 Hornberger 197¢ volumetric water saturation) of the
parameter soil according to a soll
charateristic function called the

Unsaturated zone, soil - 5.3 0i 15 conductivity function.

specific bparameter

2.6.2 M easurementMethodology
Erosion rates can be estimated by means of the UniversaldSsiEquation (USLE), an

empirical model that has been developed for predicting the rate of soil loss by sheet and rill
erosion or its revisedrersionRUSLE (Renard et al. 199However, order®f-magnitude errors
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can resulfrom using the USLE method without proper orientation. An appropriate guide for
using the USLE method can be obtained from the U.S. Soil Conservation Service (SCS), which
conducts county soil surveys on a regular basis. The SCS office near the site shblddde a
provide the USLE parameters mapped out for thesgigeific soils and cover types for the area

of interestIn addition to the USLE model, which is commonly used to predict the average
annual soil loss from a watershed, some phylsassed models st as SIBERIAWillgoose
2005)andthe CHILD (ChannelHillslope Integrated Landscape Developmédmtucker 2011)

modd are also available faralculating the evolution of complégpographyand landscape
Althoughthese models provide more details aboutesmision, they usually require much more
information and are computationally expensive.

If sufficient sitespecific data are available, a s#jgecific erosion rate can be calculated
by using the USLE methotlVischmeier and Smith (1978) and Foster @3discuss details of
the calculation. Estimates based on the range of erosion rates for typical sites in humid areas east
of the Mississippi River (based on model site calculations for locations in New York, New
Jersey, Ohio, and Missouri) can also bedus&ight 1983). For example, for a site with a 2%
slope, these model calculations predict a range of 8"tdl® x 10° m/yr for natural succession
vegetation, 1 x 18to 6 x 10° m/yr for permanent pasture, and 9 x°16 6 x 10" m/yr for row
crop griculture. The rate increases by a factor of about 3 for a 5% slope, 7 for a 10% slope, and
15 for a 15% slope. If these generic values are used for a farm/garden scenario in which the dose
contribution from food ingestion pathways is expected to befgignt, an erosion rate of
6 x 10% m/yr should be assumed for a site with a 2% slopis Whuld lead to erosion of Or
of soil in 1,000 yr. A proportionately higher erosion rate must be used if the slope exceeds 2%.
An erosion rate of & 10° m/yr, leading to erosion of 0.0 of soil in 1,000/r, can be used for
a site with a 2% slope if it can be reasonably shown that the farm/garden scenario is
unreasonable; for example, if the site is, and will likely continue to be, unsuitable for
agriculturaluse.

Erosion rates are more difficult to estimate for arid than for humid sites. Although water
erosion is generally more important than wind erosion, the latter can also be significant. Water
erosion in the West is more difficult to estimate becausdikely to be due to infrequent heavy
rainfalls for which the empirical constants used in the USLE may not be applicabletetong
erosion rates are generally lower for sites in arid locations than for sites in humid locations.

A more detailed discussi@nd data on soil erosion are presentefiaih Physic§Marshall and
Holmes1979),Universal Soil Loss Equation: Past, Present, and Fufteterson and
Swanl1979), and thé&lature and Properties of So{Brady1984).

2.6.3 Data Input Requirements
In RESRAD (onsite) the user is requested to input a value for the annual average erosion
rate for the cover zone and the contaminated zone. These input values of the erosion rate are

given in units of meters per year (m/yr).

For generic use of the codedefault value of the annual erosion rate equal to 0.001 m/yr
(as shown inmable2.6.1) was adopted in RESRA@nNsite) This value is about the same as the
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national average of erosion rate on cropland in 1982, according to the national resources
inventoryconducted byhe USDAG BIRCS and the Center for Survey Statistics and
Methodology(CSSM)at lowa State Universityn 2012, as shown in Figure 2.6(USDA NRCS
andCSSM2015) For a particular site, however, a more accuratesgieific estimation of the
erosion rates for both the cover and the contaminated zones should be attS8omptedeported
studieson specific sitege.g., the study on th&estern New York Nuclear Seca CentefDOE
2017 andthe study byEbbert et al[1999) may also provide useful information for usty
determine their own sitepecific erosion ratélhe erosion rate of the contaminated zone
becomes significardnly if and when the cover zone isrmapletely eroded, thus exposing the
contaminated zone to the erosive effects of the environmental elements. If there is no initial
cover, a greater erosion rate will remove the contaminated material faster. This may lead to
lower doses than found for antial cover caséor anon-site receptousingRESRAD (onsite)
code However, because tietransport of contamination through erosion tesité locationsa
greater erosion rate may result in higher dosearfoff-site receptousingRESRADOFFSITE
code

A site-specific estimation of the erosion rate for the cover and contaminated zones can be
performed by means of the USIdE the revised USLE (RUSLE)

The USLE is directly used in RESRADFFSITE to estimate soil erosion in
contaminated and agricultural areas. The USLE parameters, the rainfall and runoff factor, soll
erodibility factor, the slope lengisteepness factor, the cover and management fantbr, a
support practice factor are discussed byeYal. (2007).

TABLE 2.6.1 Default Erosion RateValues Usedn RESRAD

Code
Default  Accepted
Parameter Name Unit Value Values References Description
Cover erosion m/yr 0.001 0i5 Yu et al. 1993 The average volume of cover material
rate that is removed per unit of ground
surface area and per unit of time. Erosi
rates can be estimated by means of the
universal soil loss equation.
Contaminated m/yr 0.001 0i5 Yu et al. 1993 The average volume of source material
Zone erosion rate that is removed per unit of ground

surface area and per unit of time.
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FIGURE 2.6.1 Erosion Rate on Cropland in the United States
(Source:USDA NRCS and CSSM2015

2.7 HYDRAULIC GRADIENT

2.7.1 Definition

The hydraulic gradient is the change in hydraulic head per unit of distance of the
groundwater flow in a given direction. The hydraulic gradignin the flow directiorx is
expressed as follows:

_h-h
o= (2.7.1)

whereh; andh;, represat the hydraulic head at poirtsand 2, respectively, afdx is the

distance between these two points. Mathematically, the hydraulic gradierga®athat can be
expressed as grad h. The norm of the vector represents the maximum slope of the hydraulic
gradient; its orientation represents the direction along the maximum slope. The hydraulic
gradient is a dimensionless parameter, usually represasta fraction rather than as a
percentage.

In an unconfined (water table) aquifer, the horizontal hydraulic gradient of groundwater
flow is approximately the slope of the water table. In a confined aquifer, it represents the
difference in potentiometrisurfaces over a unit distance. The potentiometric surface is the
elevation to which water rises in a well that taps a confined aquifer. It is an imaginary surface



