OJT Training Module Cover Sheet

Title: 822 Understand determining depth of exploration and
dielectric permittivity for GPR.

Type:

O Skill X Knowledge

Performance Objective: Trainee will be able to:

Define relative dielectric permittivity (E,).

List E, ranges for common materials.

Understand velocity of propagation in regards to converting from time scale to
depth scale.

Outline methods for depth scale determinations.

Identify factors affecting depth of exploration.

Target Proficiency:
0O Awareness X Understanding 0 Perform w/ Supervision
0 Apply Independently T Proficiency, can teach others

Trainer Preparation:

Trainer should be familiar with the assigned reading/review material in the lesson
plan that follows.

If possible, have several radar records and the associated soil descriptions on
hand for interpretation.

Have calculator available.

Special Requirements:
Initiate an external learning request with a SF-182 in Aglearn for this activity. Instructions

and a template are located on the training webpages for OJT modules.

Prerequisite Modules:

802 Understanding GPR and how GPR works.
803 Using GPR for sail investigations.

Notes:
None
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The Five-Step OJT Cycle for Declarative Training

(Knowledge)

Cycle Step 5 Cycle Step 1
Trainer/Trainee Trainer/Trainee

debrief establish shared
mental model

Trainer
and
Trainee

Cycle Step 4 Cycle Step 2

Trainer observe Trainee
Trainee perform reviews
task and provides materials
feedback provided

Cycle Step 3
Trainer and Trainee

discuss information



OJT Module Lesson

Title: 822 Understand determining depth of exploration and
dielectric permittivity for GPR.

WHAT WHY, WHEN, WHERE, HOW, SAFETY, QUALITY
Trainer and trainee review objectives of module.
Cycle step 1
Trainee should review the attached Dielectric
Cycle step 2 Permittivity.pdf
Trainer and trainee discuss:
Cycle step 3

1. Relative dielectric
permittivity.

Definition of E,

List common E; for air, water, and soil types in
the local work area.

The effect soil water has on E,.

2. Propagation of
electromagnetic energy
into the ground.

Unit of measure associated with velocity in
GPR applications.

Equations used to calculate velocity of
propagation and relative dielectric permittivity.

3. Depth-scale
determinations.

3 ways to determine subsurface velocity of
propagation and method most commonly used
in soil survey.

4. Depth of exploration.

Which frequency antenna allows greatest
depth of exploration?
Effects of clay on exploration depth.

Cycle step 4

Have the trainee describe the concepts discussed.

Cycle step 5

Trainer can debrief trainee and address any
concerns.




OJT Module Lesson Measurement of Learning

Title: 822 Understand determining depth of exploration and
dielectric permittivity for GPR.

WHAT

WHY, WHEN, WHERE, HOW, SAFETY, QUALITY

Trainee’s learning is measured.

Have the trainee complete the attached quiz to
reinforce the concepts in this module.

Apply knowledge gained to work.

The trainee can define relative dielectric permittivity
and list the ranges for typical soil conditions;
calculate velocity of propagation, outline methods
for depth scale determinations and identify factors
affecting depth of exploration.

SF-182

Trainee and/or supervisor access Aglearn to verify completion of the module via its

SF-182.




Quiz

The relative dielectric permittivity of soils will increase with increases in:

A) Rock fragments
B) Soil conductivity
C) Moisture content
D) Soil depth

is inversely related to relative dielectric permittivity (E;.

A) Velocity of pulse propagation
B) Soil porosity

C) Depth of exploration

D) Clay content

What is the velocity of propagation, if the two-way travel time of a radar
pulse is 10 ns to an interface that is at a depth of 0.5 m?

A) 10 m/ns
B) 1.0 m/ns
C) 0.1 m/ns
D) 0.01 m/ns

What is the relative dielectric permittivity of the material profiled in
guestion 3?

A) 0.09
B) 0.9
C) 9
D) 3

The most accurate method to determine the velocity of propagation in the
field is:

A) Common mid-point survey

B) Wide angle reflection and refraction

C) Ground truth coring and measurement to a known reflector
D) Hyperbola velocity analysis



6. True or False. Soil electrical conductivity increases as the contents of
water, clay and soluble salt increase and soils with high electrical
conductivity severely limit the effectiveness of GPR.

7. In which of the following soil materials would you expect the greatest
depth of exploration?

A) Sodium-affected soils.
B) Clayey soils.

C) Saturated soils.

D) Sandy soils.
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The relative dielectric permittivity of soils will increase with increases in:

A) Rock fragments
B) Soil conductivity
C) Moisture content
D) Soil depth

is inversely related to relative dielectric permittivity (E;).

A) Velocity of pulse propagation
B) Soil porosity

C) Depth of exploration

D) Clay content

. What is the velocity of propagation if the two-way travel time of a radar pulse is

10 ns to an interface that is at a depth of 0.5 m?

A) 10 m/ns
B) 1.0 m/ns
C) 0.1 m/ns
D) 0.01 m/ns

What is the relative dielectric permittivity of the material profiled in question 3?

A) 0.09
B) 0.9
C) 9
D) 3

. The most accurate method to determine the velocity of propagation in the field is:

A) Common mid-point survey

B) Wide angle reflection and refraction

C) Ground truth coring and measurement to a known reflector
D) Hyperbola velocity analysis





6. True or False. Soil electrical conductivity increases as the contents of water, clay
and soluble salt increase and soils with high electrical conductivity severely limit
the effectiveness of GPR.
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7. In which of the following soil materials would you expect the greatest depth of {
exploration?

A) Sodium-affected soils.
B) Clayey soils.

C) Saturated soils.

D) Sandy soils.
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Dielectric Permittivity:

Relative dielectric permittivity (E;), also called the dielectric constant, is a measure of a
material’s ability to store a charge when an electromagnetic field is applied and then to transmit
that energy. Dielectric permittivity is also a measure of an earthen material’s ability to be
polarized by an electric field. It can be directly measured in a laboratory but is usually
determined from measurements made in the field or from tabled values (see Table 1). Soils are a
mixture of dielectrics. Although widely studied, measurements of dielectric permittivity have
produced a wide scatter of results due to the inherent variability of soils and earthen materials
(Daniels, 2004). Relative dielectric permittivity increases as water content increases and
decrease as frequency increases (Daniels, 2004). Knowledge of the permittivity of a profiled
material is used to determine the velocity of pulse propagation and to depth scale radar records.
The propagation velocity of a radar pulse decreases as E;increases. Dielectric permittivity is
also used to estimate spatial and temporal variations in soil moisture content.

Table 1. Ranges of Relative Dielectric Permittivity (E;) Measured in Some Common
Earthen Materials.
(Data compiled from Cassidy, 2009; Daniels, 2004; Neil, 2004; and Annan, 2001)

Material E,
Air 1
Clay, dry 2-20
Clay, wet 5-40
Freshwater 78 -88
Freshwater Ice 3-4
Granite, dry 4-8
Granite, wet 5-15
Limestone, dry 4-8
Limestone, wet 6-15
Permafrost 2-8
Salts, dry 5-6
Sand, dry 2-6
Sand, wet 10-30
Sandstone, dry 2-7
Sandstone, wet 10-30
Seawater 80-88
Shale, dry 3-9
Shale, wet 5-30
Soil, average 16
Soil, clayey & dry 4-10
Soil, clayey & wet 10-40
Soil, loamy & dry 4-10
Soil, loamy and wet 10-30
Soil, sandy & dry 2.6-10
Soil, sandy & moist 10-35
Soil, silty & dry 2.5-5
Soil, silty & wet 22-30






The relative dielectric permittivity ranges from 1, for air, to 78 to 88, for water (Cassidy, 2009).
Small increments in soil moisture can result in substantial increases in the relative permittivity
(Daniels, 2004). Using a 100-MHz antenna, Daniels (2004) observed that the relative dielectric
permittivity of most dry mineral soil materials is between 2 and 10, while that of most wet
mineral soil materials is between 10 and 30.

Propagation of electromagnetic energy into the ground:

Ground-penetrating radar is a time-scaled system. The system measures the time that it takes
electromagnetic energy to travel from an antenna to an interface (e.g., soil horizon, stratigraphic
layer) and back. To convert the travel time into a depth scale, either the velocity of pulse
propagation or the depth to a reflector must be known. The relationships among depth (D), two-
way pulse travel time (T), and velocity of propagation (v) are described in equation [1] (after
Daniels, 2004):

v=2D/T) [1]

The velocity of propagation is inversely related to the relative dielectric permittivity of the
profiled material(s) according to equation [2] (after Daniels, 2004), where C is the velocity of
propagation in a vacuum (0.3 m/ns):

E.=(C/v)? [2]

Typically, velocity is expressed in meters per nanosecond (ns). In soils, the amount and physical
state (which is temperature dependent) of water have the greatest effect on E; and v.

Depth scale determinations:

Ground-penetrating radar is a time-scale system. In order to convert radar data from a time scale
into a depth scale for interpretations, an accurate estimate of the average subsurface velocity of
propagation is required. This estimate can be obtained through direct ground-truthing, common
midpoint survey (CMP), and/or hyperbolic velocity analysis (Cassidy, 2009). The most simple
and accurate method to determine the velocity of propagation is to identify reflections on radar
records that are caused by known features at known depths (Figure 1) (Conyers and Goodman,
1997). The velocity can be determined using the measured depth to a reflector, the two-way
pulse travel time to the reflector (appearing on radar record), and equation [1]. This is the most
commonly used method in soil investigations. The common mid-point method requires separate
transmitting and receiving antennas. In CMP, the transmitting and receiving antennas are moved
methodically outwards at equal distances from a common center point and changes in two-way
travel time to a know reflector are measured (Figure 2). Hyperbola velocity analysis can be
performed on radar records that contain reflection hyperbolas. Hyperbola velocity analysis
involves matching an ideal form of a velocity-specified hyperbolic function to the form
appearing on the radar record. An example of this analysis is shown in Figure 3. Cassidy (2009)
reported that hyperbolic matching methods produce estimated velocity values with error and
variance of £10% or worse.





4.00__

Figure 1. The most direct and accurate method to determine the velocity of propagation is to
identify and measure the depth to a known reflector that appears on a radar record. Here, a
metal plate is buried at a depth of 50 cm (beneath the 2 m distance mark) on this radar record of
Sparta soil (sandy, mixed, mesic Entic Hapludolls).
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Figure 2. In the CMP method, transmitting (T) and receiving (R) antennas are systematically
moved outwards (1, 2, 3) at set distances (D) from a common center point and changes in two-
way travel time to a reflector at the center point are measured (after Annan, 2001).
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Figure 3. The hyperbolic velocity matching process involves fitting a hyperbolic function to the

form of an observed reflection hyperbola that appears on a radar record (see arrow in left-hand

image). The velocity corresponding to the hyperbola shown on the radar record is about 0.0693
m/ns (see arrow on right).

Depth of exploration:

The exploration depth of GPR is largely determined by antenna frequency and the electrical
conductivity of the earthen materials being profiled (Daniels, 2004). As soil conductivity
increases, electromagnetic energy is more rapidly dissipated into heat, causing a loss in signal
strength. As a consequence, the exploration depth decreases. In general, the depth of
exploration can be increased by using an antenna with a lower frequency. For a given antenna
frequency, the depth of exploration is dependent on the total radar attenuation loss. Attenuation
losses are largely related to soil electrical properties and include conduction losses, dielectric
relaxation of water, electrochemical reactions at the clay-water interface, scattering losses, and
(less frequently) magnetic relaxation losses in iron-bearing minerals (Daniels, 2004).

Soils having high electrical conductivity rapidly attenuate radar energy, restrict exploration
depths, and severely limit the effectiveness of GPR. Soil electrical conductivity increases as the
contents of water, clay and soluble salt increase. Electrical conductivity is directly related to the
amount, distribution, chemical composition, and phase (liquid, solid, or gas) of the soil water
(McNeill, 1980).

Clays have greater surface areas and can hold more water than the silt and sand fractions at
moderate and higher water tensions. Because of their high adsorptive capacity for water and
exchangeable cations, clays, compared with other soil separates (e.g., sands and silts), produce
high attenuation losses (Daniels, 2004). As a consequence, the exploration depth of GPR is
inversely related to clay content. While medium and fine textured soils are restrictive, coarse
textured soils are favorable to deep explorations with GPR (Figure 4).
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Figure 4. These soil and radar profiles are from areas of Windsor (a) and Menfro (b) soils.
Because of lower clay and moisture contents, the depth of exploration is greater in Windsor soil
(mixed, mesic Typic Udipsamments) than in Menfro soil (fine-silty, mixed, superactive, mesic
Typic Hapludalfs). On the Menfro radar record, high levels of unwanted background noise
(parallel bands) obscure desired reflections.

Soils contain various proportions of different clay minerals (e.g., chlorite, kaolinite, illite,
smectite, vermiculite). The size, surface area, cation-exchange capacity (CEC), and water-
holding capacity of clay minerals vary greatly. Variations in the electrical conductivity have
been attributed to differences in CEC associated with different clay minerals (Saarenketo, 1998).
Electrical conductivity increases as CEC increases (Saarenketo, 1998). Soils dominated by clay
fractions with high proportions of high-activity clays (e.g., smectite, vermiculite) have higher
CEC and are more attenuating to GPR than soils with equivalent percentage of low-activity clays
(e.g., kaolinite, goethite, gibbsite). Soils dominated by low-activity clays have a low cation-
exchange capacity and low base saturation. As a general rule, for soils with comparable clay and
moisture contents, greater depths of exploration can be achieved in the more highly weathered

soils that have kandic or oxic horizons than in the less weathered soils that have argillic horizons
(see Figure 5).

Sandy soils afford the greatest possibility for deep, high-resolution profiling with GPR. In these
soils, the exploration depth with a 200-MHz antenna has averaged about 5 meters. However,
because of variations in textural layering, mineralogy, soil water content, and ionic concentration
of the soil water, the depth of exploration ranges from 1 to greater than 15 meters.
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Figure 5. These soil profiles and radar records are from areas of Fairview (a) and Putnam (b)
soils. Because of differences in clay mineralogy, CEC, and soil water content, the depth of

exploration is greater in the more intensively weathered Fairview soil (fine, kaolinitic, mesic

Typic Kanhapludults) than in Putnam soil (fine, smectitic, mesic Vertic Albaqualfs). Reflections
from a metal plate buried at depths of 50 and 40 cm in the Fairview and Putnam soils,
respectively, have been highlighted in each radar record.

Areas of medium textured (18 to 35 % clay) soils or soils with 35 to 60 percent clay that are
mostly low-activity clay minerals have moderate potential for GPR. In these soils, the effective
exploration depth of a 200-MHz antenna has averaged about 2.1 meters with a range of about 0.5
to 4.9 meters.

Mineral soils with 35 to 60 percent clay or calcareous and/or gypsiferous soils with 18 to 35
percent clay have low potential for GPR. Areas with low potential are very depth restrictive to
GPR. In soils with low potential for GPR, the depth of exploration with a 200-MHz antenna has
averaged about 0.5 meter with a range of about 0.25 meter to 2 meters.

Because of high concentrations of soluble salts, saline and sodic soils are considered unsuited to
GPR soil investigations.
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