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Ground Penetrating Radar

— Reading
e Today: 309 - 316
* Next class: 316 - 329



Introduction to GPR

REFLECTION

*Using the reflection (and
sometimes transmission) of
‘high-frequency’ EM waves
to image the shallow
subsurface

 GPR surveys work best in

. : COMMON MID POINT (CMP)
low conductivity media.




Dielectric Properties

» D=¢E wheree [F/m| isthe  "@™®  FEDAFHE
dieleCtI’iC permltt|V|ty ELECTRONIC POLARIZATION

£=¢-€,~k g, @' @

€,=8.85-10“F/m is the
dielectric permittivity of free ATOMIC POLARIZATION

space D0 PN

g, orkisthe relative dielectric L
permittivity (a.k.a. dielectric @ :

constant): 1 in air and 80 in Polar ®
water Molecule - __



The GPR ‘Earth Circuit’

e |n a simplistic sense, at —

frequencies where the
displacement current becomes
Important the earth can be
thought of as an RC circuit

 Why no inductance term?
 Inductor impedance&Z, =lal

 Capacitor Impedanc&~1/iaC |

 Thus as frequency gets large,
Z, =>00 While Z-=>0.



Dielectric Geomaterials Properties

e Can use mixing laws to describe bulk dielectric

constant:
— Topp’s Equation

e’ =3.03+ 9.30+ 14.

‘- 76.8°

wheref is the volumetric moisture conte

— Mixing models

Formatlon - Z e'b n i

» & represents dielectric constant of different components.
* @A represents volumetric fraction of each component.



Dielectric Properties of Earth Materials

()
MATERIAL " (mS/M)
. : ) Air 1 0
 Typical dielectric constant »
and Corresponding Distilled Water 80 0.01 .
electrical conductivity for "™ B0 05
various geologic Sea Water 80 3xI0°
material: Dry Sand 35 001
Saturated Sand 20-30 0.1-1.0
 Note how amount of Limestone 8 052
water controls dielectric Sheles 515 1-100
constant Silts 5-30  1-100
Clays 5-40 2-1000
Granite 4-6 0.01-1
Dry Salt 5.6 0.01-1

Ice 3-4 0.01



Revisit E Field in Wave Eguation

Assume sinusoidal time dependence:

E :Eoe_imt
Then 0°E + (uew” —iwno)E =0
or 0%E +k°E =0
where K :\/wzus—iooop =B-ld
2
and DZE — azEX G a Ey % azEZ 2

0x? Y




Revisit E Field in Wave Eguation

« Remember sinusoidal solution to plane-wave equation Is:
E (Z t): Eoe—i(kz—oot) — % éi(Bz—wt) éxz
X ’
* Inthe induction regime >> wx; thus a = = 1/%

* In radar, or propagation regine << we (low-loss media):

— B:w\/ﬁ : related to velocity of propagating wz

Velocit V_oo_ 1 c
« Velocity: == =

g B Jue (e,
« Wavelength: A=21/pB=V/f

— az\/E%=% . related to attenuation of propagating wave
€

o Skin depthd=1/a
* Lossless mediag=0. Thena=0 and pure propagation



Lossless and Non-Ferromagnetic Medium

. Velocity given as: V=——-=

~
92)
m

r

e If 0=0, plane
wave propagate
In z direction with
no attenuation.




Low-Loss Media

| SIS L I :

e \elocity the same as HW T U

lossless media: SHa| T 2

o~ \ﬁg
g 2 v
thus exponential dec: E__] 0z
. . ma "
of wave amplitude with H, .
distance. H .

Figure 2.10: EM fields propagate as spatially damped
waves when electrical losses are small.
The signal amplitude decays exponentially
in the direction of field translation while
the field shape remains invariant.



Velocity and Attenuation Spectrum

 f,=trangtion frequency. . “”:a ¢
« Dispersion refers to < u
frequency dependent 2 \ R no
velocity. = } £ 2
+ Note: there is a transition £ m’:’:’:;ﬁ:::i::'N'o':'_m“i::::,;g.
region from pure diffusion t :
pure propagation. log frequency
2W
> |/ 1O fr
3 :
N IR
g 5 Jer
rrusion <€ > ‘PROPAGATION'
DIsPERSIVE" <8 i "NON-DISPERSIVE"

log frequency



Low-Loss and Lossless Properties

r

 Typical dielectric . T @S (i) @Bm

constant, electrical " ! 0 939 0

con du Ct|V|ty, V el 0 C| ty Distilled Water 80 0.01 . 0.033 2x10?

and attenuation for o 0t el o

. . Sea Water 80 3xio? .01 10}
various geologic

_ Dry Sand 3-5  0.01 0.5 0.01

mate“als Saturated Sand 20-30 0.1-1.0 0.06 0.03-0.3

Limestone 4.8 0.5-2 0.12 0.4-1

Shales 5-15 1-100 0.09 1-100

Silts 5-30 1-100 0.07 1-100

Clays 5-40 2-1000 0.06 1-300

Granite 4.6 0.01-1 0.13 0.01-1

Dry Sait 5.6 0.01-1 013 0.01-1

Ice 3-4 0.01 0.16 0.01



Reflection and Transmission

e Low —loss Reflection

R:V1_V2 _\/;rl_\/g

= Incident
V2 +V1 \/STl"'\/STZ Reflected

}
e |Low-loss Transmission J

o2V _ 2/¢.,
V,+V, e, +E,, l €
» Reflections off of metal
— &w<<o and thusv,= (2w/po)Y2
— Results
¢ R=-1
e T=0

Transmitted



GPR Reflection Coefficients

VERTICAL INCIDENCE REFLECTION COEFFICIENT
FOR SOME TYFPICAL GEOLOGICAL CONTACTS

REFLECTION
FROM TO COEFFICIENT
(dB)
Alf Kest 1 DrySoil Kw& o 038 -8.4 )
1 i E .
]
: . 5
DrySoil K=6 1 WetSoll K=25 { -038 -0.4 &
- ] ] —
t i (&
1 1 E
Dry Soif k=6 1 Rock K=8 ! Q42 19 g
' \ O
' [ O
Wet Soil Km25 : Rock K=8 : 0.28 -1
] ] %
i ]
Water K=81 | Gytija K=50 | 012 18 E
] ]
: ! n 9
Water K=81 | Rock K< , 052 67 o ®w O
i I -
] ]
ice K=3.2 | Water K=81 |, 087 45
\ \
] ]
Frozen S0l Km8 | WetSoll K=25 034 .93
]
. \
] ]
Soil K=3-§01 Melal K+ o, A 0



Depth Sensitivity

o Controlled by attenuation

— & may very by factorof 5at t=t,
most. el / & l=t= =
— o may vary by orders of T ,f'H,T \
magnitude. 74
— Thus attenuation controlled |
conductivity.

v

o Signal penetration depth decreases with increasing conductivity.

e good rule of thumb is a target might be detectable if above
0.0356 [m].



Instrument Resolution

e Definition of Resolution

* The abllity of the .j‘i*\ A /\ '

+—>

measurement systems to Figure 5. 165 RN sy envelopes oW, two
distinguish between two et
signals or the minimum

separation that two objec

can be separated by and still T R

be uniquely imaged. Path 1

Path 2



Instrument Resolution

e Other Definitions

— Pulse width Wrefers to the curve in time
and amplitude that encloses the pulse.

— Pulse spectruntrequency content of the
transmitter signal.

— Center frequenc. Frequency at which tr
pulse spectrum maximizes. Usually the
center of pulse spectrum.

— Bandwidth the range of frequencies, or
Spectrum, over which measurements art

made. Inversely proportional to pulse
width.

AMPLITUDE

AMPLITUDE




Bandwidth and Center Frequency versus
Pulse-Width and Resolution

Ampitude —1 ¥

|e— -
= b
| I Amphtude _ w _ Ampittude
4 \ +«—B— "
A WA

Time B
\ U ’ b . rd \‘ “,m -0 -
\ ! i
\ 't ~ - i
' >

f. Frequency
Figure 5.6b:A wide band signal has few if any t.  Feduency
oscillations, a short time duration and Figure 5.6a:A narrow bandwidth signal is a long
broad frequency content which can at best oscillary pulse characterized by single

be said to be centred at a frequency, f, . dominant frequency, f, .




Instrument Requirements

e The best resolution that a
system can obtain Is

controlled by the system
bandwidth.

* Generally resolutic

— Increases with decreasing pul
width

— Increases with increasing
center frequency and

bandwidth

S
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Resolution versus Bandwidth

REFLECTOR RESOLUTION

Centre Bandwidth
Frequency (MHz)

200.0 200.0

100.0 100.0

50.0 50.0
25.0 25.0
12.5 12.5

Pulsewidth

(ns)

5

10

20

40

80

Resolution

(m)
0.25

0.50

1.00

2.00

4.00

Note: Resolution assumes a dielectric constant of @

Summary of depth, resolution,
and bandwidth typically needed
in GPR systems

Maximum Resolution Envelope Width Required
Depth (m) Required(m) in (ns) Bandwidth

(MHz)

0.1 0.001 0.04 2500.0

1.0 0.010 0.40 250.0

10.0 0.100 4.00 25.0

100.0 1.000 40.00 2.5

Bandwidth =
Pulsewidth
*Note: A material with a permittivity of 9 is

assumed in calculated envelope width and
bandwidth.



Resolution Topics

e Resolving two close but

separate objects. Event A Event B
. . ioure 5.4a:Two radar return events are well resolved
- T|me Doma|n TWO targetS Hgure >4 ;If: the two {ra;sienrsig::afs are clearly
- separated in time as depicted here. The
can be defined as separate e e, el the e emelope ave
if the distance between totally separated
them is greater than 2 the

pulse width

— Frequency domairiwo
objects or interfaces are
uniquely resolvable if the
Separatlon between them IS Figure 5.4b: When two events overlap each other in
at |eaSt>\ /4 in theory bUt time, the question arises as to whether

one or two events are present.

A2 In practice f"\ f\ /\
JAKN ,;; . I

Wwi2
Figure 5.4c: Examining pulse envelopes only, two
events are said to be resolved when
- separated by a time w/2.




Resolution Topics

« Transmitter blanking - Inability of receiver to det
reflected signal until after transmitter is off,ar

wave has passed.

Path 1
T R

eflected

ot 2

Path 2 - Path 1
Vv
4 Length
- v

At =

Figure 5.5a: Transmitter blanking occurs when the
direct signal travelling from the
ransmitter to the receiver overlaps in
time reflected signals,
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Resolution versus Depth

e |If in true low-loss regime, WEQ
resolution will be somewhat : "\ :
iIndependent with depth. Why? :‘(‘ .. o’;z° x

— Velocity and more importantly DierERsvE’ 1 I “NON-DBPERSIVE"
attenuation are frequency independ._. ... loa frequancy

e When low-loss condition is not

log attenuation

met, attenuation is frequency

dependent. %

— Depth-dependent resolution is ther <= o]
empirical.

10° 10° 10° 10"
Frequency



GPR System and Signal Generation

e Transmitter generates very short pulses of EM energy (1 to 10’s of
ns). How times are determined?

Depths of targets SYSTEM ELEMENTS

e Shallow as a few cm TRANSMITTER

 Deep as tens of m & i

Different velocities

* min velocity 0.033m/ns (water) ANTENNA

* max velocity 0.3 m/ns (air) |
Combining yields

SPECTRUM OR
TRANSFER FUNCTION

T()

H,(

* min depth with max velocity produces a min time-6D pico-sec
* max depth with min velocity produces max time &@Dtisec

Center frequency and bandwidth controlled by amasn

 Radiated power maximizes fdf4 in size

 Thus antenna length larger for lower frequencies
Wave then travels downward and outward in thelzart



GPR System and Signal Generation

e Wave er_lcou nters r_eglons of | SYSTEM ELEMENTS o SPECTRUM OR
contrasting properties generating T -
reflections, refractions and TRANSMITTER

J‘ H, "

ANTENNA

diffractions. JE
 Reflected, diffracted and refracted —
waves detected by receiver.

« Procedure repeated to reduce rant eeometcl MEDIUM
noise, then antennas moved to new
position.

H, (M
ANTENNA

Critically

Retracted Air ‘E 1 H . )
Direci All’ Wava-‘ Wave ‘ Af/ il ’(0 ) X
\ _ RECEIVER /_\

Layer 1 L
R(f)

Y Reflected Wave RECORDED
SIGNAL

sin e, = v

1! Vo

Gc = critical angie

Layer 2



