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Abstract: Measurements of the electrical properties of naturally occurring solids are covered in
the scope of this project. Not covered are methods that rely on mapping earth structure
anomalies unless directly related to electrical properties. Coverage of numerical methods for
forward/inverse modeling is limited.
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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the IEEE does not independently evaluate, test, or verify the accuracy
of any of the information or the soundness of any judgments contained in its standards.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly
resulting from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly
disclaims any express or implied warranty, including any implied warranty of merchantability or fitness for a specific
purpose, or that the use of the material contained herein is free from patent infringement. IEEE Standards documents
are supplied “AS I1S.”

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase,
market, or provide other goods and services related to the scope of the IEEE Standard. Furthermore, the viewpoint
expressed at the time a standard is approved and issued is subject to change brought about through developments in the
state of the art and comments received from users of the standard. Every IEEE Standard is subjected to review at least
every five years for revision or reaffirmation, or every ten years for stabilization. When a document is more than five
years old and has not been reaffirmed, or more than ten years old and has not been stabilized, it is reasonable to
conclude that its contents, although still of some value, do not wholly reflect the present state of the art. Users are
cautioned to check to determine that they have the latest edition of any IEEE Standard.

In publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other
person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon his or
her independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate, seek the
advice of a competent professional in determining the appropriateness of a given IEEE standard.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received the concurrence of a balance of interests. For this reason,
IEEE and the members of its societies and Standards Coordinating Committees are not able to provide an instant
response to interpretation requests except in those cases where the matter has previously received formal consideration.
A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations Manual
shall not be considered the official position of IEEE or any of its committees and shall not be considered to be, nor be
relied upon as, a formal interpretation of the IEEE. At lectures, symposia, seminars, or educational courses, an
individual presenting information on IEEE standards shall make it clear that his or her views should be considered the
personal views of that individual rather than the formal position, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Recommendations to change the status of a stabilized standard should include a
rationale as to why a revision or withdrawal is required. Comments and recommendations on standards, and requests
for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854

USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by The Institute
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood
Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for
educational classroom use can also be obtained through the Copyright Clearance Center.
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Introduction

This introduction is not part of IEEE Std 356-2010, IEEE Guide for Measurements of Electromagnetic Properties of
Earth Media.

This guide represents a total rewrite of IEEE Std 356-1974, IEEE Guide for Radio Methods of Measuring
Earth Conductivity, which had been prepared by J. T. deBettencourt, D. Davidson, and J. R. Wait. Prior
attempts to revise this guide by committees led by Dr. John Cavanaugh and Mr. George Hagn were merged
into IEEE Std 356-2001. This latest version was prepared by a subcommittee of the Wave Propagation
Standards Committee (WPSC) of the IEEE Antennas and Propagation Society, chaired by Prof. David
Thiel of the Centre for Wireless Monitoring and Applications, Griffith University. The individuals with
primary responsibility for this version as well as those who contributed or made useful comments are
acknowledged in the participants section. An invitation is extended to users of the guide to contribute to the
next revision whenever they see deficiencies or have ideas for an improvement by communicating with the
WPSC Chair via email to d.thiel@griffith.edu.au.

The current guide covers the theory, field methodology/measurement techniques, suggestions for further
reading, and a list of references for each of the several field and laboratory techniques covered. The
frequency range of applicability and the geographical extent of applicability are indicated.

The current version of this standard retains the same number, IEEE Std 356, and it is a guide that describes
recommended practices rather than a standard in the strict sense of the word. It is designed to be of use to
those who plan and/or make laboratory and/or field measurements of the macroscopic electromagnetic
parameters (i.e., the effective conductivity ¢ in S/m, and the effective relative permittivity &) of earth
media including surface soil, rocks, and ice.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard does not imply compliance to any applicable regulatory requirements.
Implementers of the standard are responsible for observing or referring to the applicable regulatory
requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.
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Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA web site at http://standards.ieee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL
for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/icee/interp/
index.html.

Patents

Attention is called to the possibility that implementation of this guide may require use of subject matter
covered by patent rights. By publication of this guide, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE is not responsible for identifying Essential
Patent Claims for which a license may be required, for conducting inquiries into the legal validity or scope
of Patents Claims or determining whether any licensing terms or conditions provided in connection with
submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable or non-
discriminatory. Users of this guide are expressly advised that determination of the validity of any patent
rights, and the risk of infringement of such rights, is entirely their own responsibility. Further information
may be obtained from the IEEE Standards Association.
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IEEE Guide for Measurements of
Electromagnetic Properties of Earth
Media

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or
environmental protection. Implementers of the standard are responsible for determining appropriate
safety, security, environmental, and health practices or regulatory requirements.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers. html.

1. Overview

1.1 Scope

The scope of the project is to cover measurements of the electrical properties of naturally occurring solids.
Not covered are methods that rely on mapping earth structure anomalies unless directly related to electrical
properties. There is limited coverage of numerical methods for forward/inverse modeling.

1.2 Background

The electromagnetic properties of earth [conductivity ¢ in siemens/meter (S/m), permittivity € in
farads/meter (F/m), and magnetic permeability # in henries/meter (H/m)] can have a major effect upon the
performance of electrical and electromagnetic systems. Examples of these systems include both
communications systems and remote sensing systems. For example, the electrical properties of the earth
beneath an antenna can influence the antenna efficiency (and the need for a metallic ground plane) and
radiation pattern, and these properties also can limit the effective depth of ground-penetrating radar. Many
different methods and techniques have evolved for the measurement of the electrical properties of the earth
at and near the surface at radio frequencies, and other methods using lower frequencies were developed for
measuring the conductivity deeper into the earth for geophysical prospecting and other applications.

This guide is intended to describe these methods (both the theory and field methodology) and provide
references for further reading for each method. The descriptions represent the recommended practice of
these techniques. There is a further attempt to provide guidance on the limits of applicability of the
methods (e.g., in frequency or in geographical context).
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IEEE Std 356-2010
IEEE Guide for Measurements of Electromagnetic Properties of Earth Media

This guide has been prepared by the Wave Propagation Standards Committee of the IEEE Antennas and
Propagation Society to replace the document, IEEE Std 356-1974, IEEE Guide for Radio Methods of
Measuring Earth Conductivity [B1.7], which was also published by de Bettencourt et al. [B1.6]." In 1974,
Lytle also published a comprehensive review paper [B1.15].

The International Telecommunication Union (ITU) has published world surface conductivity maps for a
number of frequency bands [B1.9], although these maps are no longer being updated. The curves of
conductivity and relative permittivity in ITU-R Recommendation 527-3 [B1.10] exhibit no dispersion in
the band 3 MHZ to 30 MHz; whereas measured values show significant dispersion in this band for which
surface soils typically can show characteristics from good conductors to lossy dielectrics (King and Smith
[B1.12]). The real and imaginary parts of the complex relative permittivity form a Hilbert transform pair.
As a result, the conductivity and relative permittivity are not independent variables. Their mutual coupling
is described by the Kramers—Kronig relations (King and Smith [B1.12]). Therefore, the ITU values for the
high-frequency (HF) band are inconsistent with the results of complex variable theory and are in error.

1.3 Intention

The intent of this guide is to describe the measurement principles used to determine the electrical properties
of naturally occurring solid materials, although it should also serve as a guide for the measurement of any
solid material. These properties are the conductivity ¢ (in S/m) and the permittivity € (in F/m). The
magnetic permeability £ (in H/m) is not considered except where it impacts on the interpretation. This is
because u = i (to within less than 5%) for most naturally occurring materials. Even dry, pure magnetite
sand only increases 4, to 1.09. In free space (vacuum), the permittivity is & = 8.854 x 10™'2 F/m and the
magnetic permeability is 4, = 4 x 10~ H/m.

The conductivity of a material is defined by Ohm’s Law, i.e., the current / [in amperes (A)] passing through
a block of the material (length / in meters (m) and cross-section 4 in m?) is related to the voltage ¥ applied
to plate electrodes covering two parallel faces of the cube by Equation (1):

I=V/R (1)

where R is the resistance in ohms (Q).

The conductivity o can be determined since
R=1I/c4 2
Similarly, the permittivity of material can be determined by the same physical arrangement of a block (area

A and length /) between two parallel electrodes by measuring the voltage J between the plates and the
charge stored on the plates O [in coulombs (C)] by the capacitance C (in F/m):

C=9/V 3)
and
C=ed/l 4

where the effects of fringing fields have been ignored. The similarity between the measurements of R and
C, and consequently € and o, result in very similar methods being used to determine the two parameters.

In particular, using Equation (2) and Equation (4), one can write (from Cheng [B1.4]):
RC=¢/o (%)

' The numbers in brackets correspond to those of the bibliography in Annex B.
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When the material has conduction and displacement currents, the relationship between the applied voltage
V varying with angular frequency @and the current / can be written as:

V= xIx— (6)

notation used for a time-harmonic signal
t is the time

R

Dividing the permittivity by the permittivity of free space & provides the relative permittivity &. The
complex relative permittivity for a linear, isotropic medium can be written as:

£ =& - je] @)

where

’

g, is the real part (also called the effective relative permittivity)
g, is the imaginary part that accounts for losses

The conductivity o can range in value from 10°® S/m for very dry sand, rock, or fresh water ice to 10 S/m
for highly saline soils. The effective relative permittivity &, can range from 3 to 100 for isotropic

materials, but the effective relative permittivity can assume much larger values (or even be negative) in the
case of mixed and/or anisotropic media (Cheng [B1.4], Ahrens [B1.1]). For example, King and Smith
[B1.12] reported that a clay-loam soil with 10% water content was found to vary continuously from ¢ =
107 S/mand &. = 10*at 100 Hz to 6 =5 S/m and &, = 10 at 10'° Hz. For a uniform anisotropic earth, the

electrical characteristics can be represented by a 3 X 3 tensor. Angle rotation of the resistivity tensor has
been shown to predict the response of the earth in all possible orientations in dip and strike (Wilson and
Thiel [B1.29]).

It is well known that the physical and electromagnetic properties of the earth are highly non-uniform.
Consequently the use of parameters ¢ and & to describe the earth should take into account the fact that they
can be a function of spatial dimensions or can represent a composite value, which is directly affected by the
non-uniformity of the sample. In rock mechanics, these differences are described by the terms “rock mass”
to represent the non-uniform composite structure, and “rock material” to represent the uniform material
(Brady and Brown [B1.2]). This distinction can also be made by differentiating between those methods of
measurements that are made in-situ and those that are made on rock samples in the laboratory. This
distinction is also directly related to the wavelength of the radiation in the material under consideration and
the size and separation of the contact electrodes used in the measurement.

This document does not cover electrical or electromagnetic geophysical methods reported by Keller and
Frischknecht [B1.11] that rely on mapping anomalies in the earth’s structure, unless such information is
directly related to determining the electrical properties of such materials. These geophysical techniques
include magnetic tilt methods, magnetic surveys, most types of ground probing radar (GPR) and many
airborne and satellite remote sensing techniques. The document does include the methods used to provide
“ground truth” for these mapping methods.

The frequency of measurement, porosity of rock, water content, temperature, pressure, and the degree of
fracture of the sample can affect measurement. Porosity is defined as the percentage of pore space in a unit
volume of rock. Pores in a rock are often filled with fluids that give rise to finite resistance. While
measuring the conductivity, there can be significant problems with probe contacts, both for in-situ
measurements (probe impedance, conductive layers, etc.) and sample measurements (surface preparation,
air gaps, etc.). In addition, these materials can be highly inhomogeneous, anisotropic, layered, and fractured
so that the orientation of the electrodes should play a significant part in determining the results obtained
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(Keller and Frischknecht [B1.11]). Anisotropic of a rock sample is scale-dependent. Consequently,
electrode orientation as well as the separation of electrodes can influence the anisotropy measurement.

The measurements on soil samples are particularly difficult as the removal of a sample can strongly affect
soil compaction and water content (particularly the water concentration profile as a function of depth)
(Sternberg and Levitskaya [B1.20]).

In-situ measurements are commonly made from or above the earth’s surface, e.g., with inserted probes,
from an airborne platform or from boreholes. In-situ measurements, where properly implemented, can
avoid the problems resulting from changes in compaction and soil moisture content. An attempt was made
to cover all of these techniques.

Given the inhomogeneous and anisotropic nature of earth mass, the derivation of reliable data from field
and laboratory measurements is difficult. It is possible to find analytical solutions to certain idealized earth
structures. The calculation of field results using analytical or numerical methods from a postulated earth
structure is called forward modeling. Thus one can derive characteristic curves to deduce ground constants.
More commonly, however, automated data inversion techniques are not available as the number of
unknown parameters (including their spatial distribution) is so large that least squared error minimization
techniques do not converge to the correct answer (Oldenburg [B1.19]). The mathematical techniques of
numerical modeling for solving the forward problem (i.e., assuming a particular earth profile to calculate
expected measurement results), and stimulated annealing and artificial neural networks for the inverse
problem (i.e., determining the electrical properties of the earth from the measurements) require
considerable computation time and effort. Therefore, only passing mention is made to numerical methods
for forward modeling and data inversion for two and three-dimensional structures.

1.4 Applications

The measurement of the electromagnetic properties of soil and rock, commonly called “ground constants,”
are important for a wide variety of reasons including:

a) Ground plane assessment for the location of antennas, and assessment of the characteristics of
installed antennas

b) Estimation of the coverage area of transmitters

¢) Mapping of conductive and resistive formations to obtain geological information and locating
buried objects

d) Assessment of ore-grade quality, moisture content, salinity, etc.

e) Propagation studies for communications links above the surface and through-rock communications
systems

f)  Assessment of aquifer activity for water search, assessment of nuclear waste disposal sites, the
location of dams and rock drilling for tunnels and storage sites

g) Measurement of surface parameters to calibrate antenna sites and remote sensing systems
(including surface soil moisture content, soil salinity, aquifer location etc.)

h)  Estimation of oil and gas reserve and their producibility
The area of coverage of these techniques is not only frequency-dependent but also relates to the ease of use

of the technique and whether it is possible to perform the measurements from an airborne platform. A
generalized surface coverage diagram for in-sifu measurements is given in Figure 1.
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Figure 1—Approximate coverage area (linear traverse)

1.5 Document organization

The distinction between methods of measurement is quite blurred in many cases. However, in the interests
of clarity, each different generic measurement technique is discussed separately. The divisions used in this

document are listed in Table 1.

As the effect of frequency is very important, not only because of the depth of electromagnetic wave
penetration, but also because the electrical parameters can differ dramatically over the frequency range,
Figure 2 has been included to categorize the different measurement techniques in terms of their typical

frequencies of operation.

Table 1—Measurement method categories

In-situ measurements

Laboratory measurements

Resistivity methods (2)

Time-domain reflectometry (9)

Surface impedance methods (3)

Resistivity methods (11)

Propagation studies (4)

Capacitance methods (12)

Wave tilt methods (5)

Transmission line methods (13)

Probe self-impedance (6)

Waveguide and cavity methods (14)

Mutual Impedance (7)

Transient electromagnetic methods (8)

Time-domain reflectometry (9)

Ground probing radar (10)

Transmission line methods (13)

Free-space reflection (15)

Microwave and millimeter-wave remote sensing (16)

5
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Figure 2—Frequency ranges of field methods

1.6 Notation

Throughout this guide, a set of standard definitions are used. The complex propagation constant  for an
electromagnetic wave propagating through any material is defined by Equation (8) (from Cheng [B1.4]):

y=a+jf=jofule+ofjo) (8)

where

is the attenuation constant

is the phase constant

is the angular frequency

is the magnetic permeability of the medium
is the permittivity of the medium

is the conductivity of the medium

T

~ A mT Q™R

The resistivity p of the medium is given by

p=ljo ©

As there are losses associated with the propagation, one can attribute a finite value to the conductivity of
the medium. If the medium is uniform, then the field strength of the propagating wave attenuates
exponentially. The separation distance between two points along a line in the direction of propagation is
designated the penetration depth (or skin depth, ) (IEEE Std 211™-1997 [B1.8]) if the field at one point is
1/e less than the field at the other. This can be defined as the reciprocal of the attenuation constant. This can
be written as

o=/ (10)

When the conduction current is much larger than the displacement current (i.e., 6 >> we), one can write an
approximate expression for Jas
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1
VT fUuo

where f'is the frequency of the radiation (f'= w/27).

)

n

(11

When o = we, it is necessary to use the full expression for the skin depth J derived from Equation (8) and
Equation (10).

The intrinsic impedance of the Medium Z, is given by

7= [ L% (12)
o+ jEw

If the conduction current dominates the displacement current in the earth (i.e., ¢ << we), then one can write
Z=jaup (13)

The normalized impedance A is the ratio of the intrinsic impedance Z divided by the impedance of free
space Z, that is

zZ_ Zz
Zy 1207Q

(14)

The reflection coefficient for a plane wave in Medium 0, incident at an angle € on Medium 1, is
polarization dependent and is given by Fresnel’s equations [B1.4]. Note that 6, is measured with respect to
the surface normal [see Figure 3(a)]. One can use Snell’s Law to calculate the transmission angle 6, of the
lines of constant phase in Medium 2:

. £ .
sin6, = |2 sin6; (15)
&rl
where
&y 1s the relative permittivity of Medium 0

g; is the relative permittivity of Medium 1

In a lossy medium, & is complex [Equation (7)], so 6, can be a complex angle. From this angle, one can
calculate the equation for the planes of constant amplitude and constant phase. For parallel (TM)
polarization when the magnetic field vector is perpendicular to the plane of incidence, the reflection
coefficient T is given by the expression:

I = (Zg cos8; — 7 cosb;)

= 16
I (Z cos6; + 7, cosH,) (16)
where
Zy is the intrinsic impedance of Medium 0
Z, is the intrinsic impedance of Medium 1
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