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Abstract 

Rock fractures in the subsurface typically have apertures less than a wavelength of 

the dominant frequency of the GPR signal, thus generating complex reflectivity 

pattern. The resulting reflectivity is however useful as it depends on the fracture 

aperture and dielectric permittivity of the filling material. AVA analysis relates 

amplitude variations with increasing incidence angles and seeks to characterize 

interfaces and layers. In this paper, I present theoretical analysis of the AVA 

behaviour of thin fractures, assessing the sensitivity to fracture aperture and fill 

characteristics. The magnitude and curvature of the AVA curves depend on the 

fracture aperture and fill permittivity suggesting that fracture aperture and fill 

permittivity can be obtained from field measurements. Amplitude data for AVA 

analysis is collected in the field through CMP surveys. Converting these amplitude 

data for AVA analysis requires some careful but simplifying assumptions on the 

system under investigation, applying some amplitude corrections and offsets need 

to be converted to incidence angles. Fracture aperture and fill permittivity can then 

be constrained by fitting theoretical AVA curves for various fracture models to a 

field derived AVA curve. 

Keywords: GPR, AVA, CMP, thin – layer, rock fractures 

 

1  Introduction  

Rock fractures typically have apertures less than a wavelength (λ) at the 
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dominant frequency of the GPR signal and as such generate complex reflectivity 

patterns due to interference from multiple reflections from their surfaces. 

Therefore, characterization of such fractures requires thin layer analysis [4]. AVA 

analysis is a multi – offset [12] attribute analysis technique which involves 

relating amplitude variations with increasing angle of incidence (or practically, 

offsets), in order to characterize interfaces and layers ([8]; [3]). Attribute analysis 

is a group of tools employed to quantify variations in the properties of a reflected 

waveform including its amplitude, frequency content and phase with incidence 

angle; and to relate these variations to the physical properties of the medium in 

which the signal is propagating and the reflecting interface or thin layer [5]. In 

seismic methods, attribute analysis is often used to associate shear and 

compressional wave properties with the presence of oil and natural gas ([8]; [6]). 

Attribute analysis of GPR data allows for exploitation of the information 

contained in a reflected wavelet, including geometry and detailed material 

property information.  

The AVA technique has been successfully applied in seismic exploration to 

characterize contrasts in elastic properties at interfaces; it has proved a useful tool 

in hydrocarbon exploration ([15]; [8]). For media with electrical conductivity 

equal to or near 0 and magnetic permeability approaching 1, GPR (EM) waves 

behave qualitatively like seismic (shear) waves [12]. These assumptions are not 

always the case for earth materials but according to [9] they are reasonable 

approximations over the range of frequencies (10 – 1400 MHz) which a GPR 

signal will propagate efficiently in most materials. Applying the AVA technique 

to GPR data was first suggested by [2]; and later, [3] showed through analytical 

and numerical modelling that anomalous zones producing similar 

indistinguishable bi - static GPR responses (e.g. bright or dim spots in constant 

offset, CO, sections) can show very different behaviour when examined by AVA 

analysis. [7] Studied synthetic AVA curves for various contrasts in EM properties; 

they highlighted the potential of AVA analysis for characterizing non – aqueous 

phase liquid (NAPL) contamination, considering a single interface between an 

uncontaminated upper layer and a lower layer contaminated with NAPL. [10] 

Successfully characterized the presence of an NAPL contaminated zone at an 

alluvium/clay boundary using the AVA technique. These applications of the AVA 

method consider single interfaces separating media of contrasting electrical 

properties. [4] Investigated the AVA response of a thin layer using an analytic 

solution to the reflectivity from the top of the thin layer and successfully identified 

a thin NAPL contaminated layer in the saturated zone. Successful application of 

thin layer AVA analysis in characterizing hydrocarbon contamination in the 

subsurface suggests the method can be extended to subsurface fracture 

characterization as both targets are qualitatively similar i.e. thin layers [4]. In line 

with the thin layer approach outlined in [4], [11] studied dispersive i.e. frequency 

dependent amplitude and phase variation with offset (APVO) curves for a 

restricted case of a thin layer embedded within a homogeneous rock, and assessed 
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its potential for characterizing the aperture and fill of such layers. Their approach 

to estimating thin layer aperture and fill is an inversion scheme which compares, 

in the frequency domain, field data with synthetic data generated from analytical 

solutions to thin layer reflection coefficients. They applied the methodology to 

CMP data acquired over a vertical fracture on a cliff face and successfully 

characterized the aperture (0.4m) and fill relative permittivity (3.1). The AVA 

technique has previously not been applied to thin fractures such as typically 

encountered in the subsurface. In this paper, I present theoretical analyses of thin 

(≤0.5 λ) fracture AVA for two cases: (1) a fracture embedded in a homogeneous 

rock; and (2) a fracture embedded in a homogeneous half space of different 

relative permittivity. I begin with an overview of the AVA method; I then 

illustrate with some examples, fracture AVA sensitivity to aperture and fill 

permittivity; finally, I discuss some practical considerations in acquiring data for 

AVA analysis from field surveys. 

 

2  The AVA method 

Conventional GPR data are collected with a constant antenna separation or 

offset (CO), but for AVA analysis, GPR data must be collected using the common 

mid - point (CMP) survey geometry. In the CMP mode, antennas are moved 

symmetrically about a midpoint increasing the offset, and data collected for the 

same point on a reflector (assuming a horizontal interface) so that the reflections 

are recorded for each antenna offset.  

Table 1. Factors affecting a reflected GPR signal, modified from [5]. 

Factor Remarks 

Reflection coefficients versus incidence 

angle (offset) 

Signal, which is sought after in AVA analysis  

Composite reflection from multiple 

interfaces 

Potential information (considered noise or signal 

depending on the analysis)  

Tuning as a result of NMO convergence 

Antennae coupling; random noise; 

instrumentation 

Noise -  offset dependent 

Source/receiver directivity; emergence 

angles; coherent noise/multiples; spherical 

spreading; processing distortions, NMO 

errors and stretch; intrinsic attenuation and 

anisotropy; transmission coefficients and 

scattering above target of interest; structural 

complexity 

Noise -  offset dependent 
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The antenna offset is subsequently converted to angle of incidence; a plot of 

reflection amplitudes against the angle of incidence represents the main diagnostic 

data for AVA analysis ([8]; [3]). The recorded amplitude (𝐴obs  (mV)) can be 

expressed as: 

 

𝑨𝒐𝒃𝒔 = 𝑨𝒔𝒐𝒖 .
𝑪𝑻𝑹 .𝑷𝑻𝑹 .𝒕 

𝒓
 . 𝑹 .  𝒆𝒙𝒑(−𝜶𝒓)                                                                (1) 

 

Where: 𝐶𝑇𝑅  is antennae coupling with the ground surface; t here is defined as 

transmission loss through any interface in the overburden above the target 

reflection;  PTR is antennae pattern; 𝐴𝑠𝑜𝑢  (mV) is the source amplitude; 𝛼 (m
-1

) is 

the attenuation coefficient; 𝑟 (m) is the ray path length. R is the absolute reflection 

coefficient.  

In table 1, reflection coefficients versus incidence angle are of interest in 

AVA analysis. Other factors like geometric spreading (S); intrinsic attenuation in 

the propagating medium (𝑒𝑥𝑝(−𝛼𝑟 )); transmission losses across interfaces above 

the target reflection (t); and antennae (transmitter and receiver) patterns (𝑃𝑇𝑅) are 

important sources of noise which must be accounted for in AVA analysis.  

It therefore becomes necessary to make some careful but justified 

assumptions on the system under investigation which are: frequency independent 

electrical properties [1]; constant antennae coupling with the ground surface, and 

constant transmission losses due to any reflections above the target reflection, for 

range of offsets considered [5]. To justify the latter assumptions, the surface over 

which measurements are made must be uniform (i.e. smooth) with a homogeneous 

surface material, and strata in the overburden must be planer, horizontal and 

parallel to the ground surface. [4] Conclude that errors associated with assuming 

constant transmission losses are less than 5% for incidence angles up to 65% of 

the critical angle for increasing velocity with depth. For decreasing velocity with 

depth, the assumption is valid for incidence angles from 35° to 55°. Information 

on the absolute source amplitude in GPR is difficult to obtain, it is therefore 

necessary to normalize the observed amplitudes e.g. by a near offset amplitude or 

the maximum amplitude. The reflection amplitude ratio can be written as:  

 

𝑨𝒐𝒃𝒔 (𝜽)

𝑨𝒐𝒃𝒔(𝜽=𝟗𝟎)
=

𝑹𝜽 .𝑷𝑻𝑹𝜽 .𝒓𝜽=𝟗𝟎

𝑹𝜽=𝟎 .𝑷𝑻𝑹(𝜽=𝟗𝟎) .𝒓𝜽
 . 𝒆𝒙𝒑−𝜶(𝒓𝜽−𝒓𝜽=𝟗𝟎)                                         (2) 

 

By correcting for antennae pattern, geometric spreading and intrinsic attenuation, 

the normalized amplitude at a given angle of incidence approximates the 
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normalized reflection coefficient R i.e.: 

 

𝑨𝒄𝒐𝒓𝒓 𝜽

𝑨𝒄𝒐𝒓𝒓𝜽=𝟗𝟎
=

𝑹𝜽

𝑹𝜽=𝟗𝟎
                                                                                               (3) 

 

The resulting normalized reflection amplitudes can then be compared with 

normalized theoretical amplitudes (1) in order to constrain interface and layer 

properties.  

The choice of amplitude for quantitative AVA analysis is also crucial. 

Although frequency independence is assumed, artefacts associated with phase 

rotation are still observed in GPR wavelets, as illustrated in [5], who suggested 

using the maximum of the envelope function (or Hilbert transform, see [16]) 

calculated over the duration of a wavelet, which is more appropriate and devoid of 

phase related artefacts.  

For the following analysis, I consider only transverse electric, TE mode data, 

and unless otherwise stated, amplitude is defined as the local maximum of the 

envelope function or Hilbert transform [16]’ calculated over the duration of the 

signal.  

 

3  Fracture aperture and fill characterization from AVA 

analysis 

 

Figure 1. Rock fracture model. 

 

 

 

Figure 3.1 Rock fracture model. 
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Considering the thin fracture in figure 1, an analytic solution to the TE mode 

reflectivity from the surface of the fracture is given by equation 4, modified from 

[14] by [4]. The equation quantifies the amplitude reflection coefficient, R, for a 

system comprising the rock (layers 1 & 3), separated by the fracture (layer 2) of a 

finite thickness (h2).  

𝐑𝐓𝐄 =
𝛄𝟏  −𝛄𝟑−𝐢 

𝛄𝟏𝛄𝟑
𝛄𝟐

−𝛄𝟐 𝐭𝐚𝐧 𝛄𝟐𝐡𝟐 

𝛄𝟏  +𝛄𝟑−𝐢 
𝛄𝟏𝛄𝟑
𝛄𝟐

+𝛄𝟐 𝐭𝐚𝐧 𝛄𝟐𝐡𝟐 
                                                                           (4) 

 

γn = ω εnμ 𝑐𝑜𝑠 𝜃𝑛                                                                                               (5) 

 

cos θn =  1 −
ε1sin 2θ1

εn
 

1/2

                                                                                    (6) 

 

ω = 2πf 

Where 𝜀 is dielectric permittivity (F/m), 𝜃 is angle of incidence (deg) in at the 

base of the nth layer, 𝜔 is angular frequency (Hz), 𝜇 is vacuum magnetic 

permeability (H/m), ℎ2 is thickness of the thin fracture (m), i is  −1, and  𝛾 is 

wave number. Subscripts 1, 2, 3 & n refer to layers 1, 2, 3 & n respectively. 

 

 

4   Theoretical AVA curves for various fracture models  

For a ‘clean’ (i.e. no alteration along surfaces) fracture with smooth, parallel 

and planar surfaces; uniform plane waves propagating in a non – conductive (σ = 

0), homogeneous and isotropic rock with frequency independent properties and 

magnetic permeability equal to that of free space (μr = 1), equation 1 shows that 

fracture reflectivity depends on: the dielectric permittivity of the host rock and the 

fracture itself; fracture aperture; angle of incidence; and polarization of the 

incident EM wave. 

To illustrate the sensitivity of fracture AVA to aperture and fill 

characteristics, I computed the reflected amplitudes for a broadband signal with a 

centre frequency of 500 MHz, evaluated at increasing angle of incidence, hence 

normalized AVA curves, for various fracture aperture and fill permittivity values. 

The computations were done using the broadband model described in [4] for 

computing TE mode reflection coefficients from the top of a three layer sequence. 

In the model, a source spectrum is filtered with equation 1, and the inverse Fourier 

transform of the filtered spectrum gives the time domain response or the reflected 

wavelet. The maximum of the envelope function for the reflected wavelet is then 



Theoretical GPR AVA Response of Rock Fractures                                                         23 

 

 

 

taken. In [4] a Ricker wavelet was used as the source wavelet; here, I use a 

wavelet which I recorded with 500 MHz Sensors and Software antennae put 

together i.e. facing each other (figure 2).  

The procedure was coded in MATLAB
®

 and AVA curves were computed 

for air (εr2 = 1), dry clay (εr2 = 2), wet sand (εr2 = 40) and water (εr2 = 80) filled 

fractures in limestone of εr1 = 10 above and below the fracture. The computation 

was repeated for the case where rock above and below the fracture have different 

relative permittivity (i.e. εr1 = 10 > εr3 = 7). The parameter space (i.e. aperture, h2 

and fill permittivity, εr2) and corresponding h2:λ ratio is shown in figure 3. The 

permittivity range for most geological materials is between 2 and 40, the limits 

being equivalent to dry clay and wet clay respectively (red box in figure 3).  Thin 

layer analysis is necessary when h2 is less than 0.75λ (black curve in figure 4).  

           (a) 

 
          (b) 

 
Figure 2. Source wavelet (a) and corresponding source spectrum (b) used to 

compute the reflected field from the top of a thin fracture. 
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Figure 3. Parameter (h2, εr2) space and corresponding thickness – wavelength 

ratio. 

 

The AVA curves in figures 4 to 7 show that the amplitude R, generally 

increases from a minimum at normal incidence (θi = 0°) up to a maximum at θi = 90°. 

R curve is initially flat (at low θ1) and only becomes sensitive to θ1 at θ1 >20° for 

fractures filled with wet sand and water (figures 6 and 7). R magnitude and the shape 

or curvature of the AVA curve depends on fracture aperture (especially in air and dry 

clay filled fractures, figures 4 and 5), fill permittivity and on permittivity contrasts in 

the host rock above and below the fracture. Except for dry clay and air filled 

fractures (figures 4 and 5), R magnitude is highest at an aperture equivalent to 0.25λ 

in each case (dashed line). 
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       (b) 

 

Figure 4 Theoretical AVA curves for a water filled fracture where (a) εr1 = εr3 and (b) 

εr1 > εr3. The different curves correspond to different fracture thicknesses, expressed 

in wavelengths at the dominant frequency. 
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(b) 

 

Figure 5.  Theoretical AVA curves for a dry clay filled fracture where (a) εr1 = εr3 

and (b) εr1 > εr3. The different curves correspond to different fracture thicknesses, 

expressed in wavelengths at the dominant frequency. 
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(b) 

 

Figure 6. Theoretical AVA curves for a wet sand filled fracture where (a) εr1 = εr3 

and (b) εr1 > εr3. The different curves correspond to different fracture thicknesses, 

expressed in wavelengths at the dominant frequency. 
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(b) 

Figure 7. Theoretical AVA curves for a water filled fracture where (a) εr1 = εr3 and 

(b) εr1 > εr3. The different curves correspond to different fracture thicknesses, 

expressed in wavelengths at the dominant frequency. 
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absence of a third medium within 0.3λ of the boundary; as such, the wave does not 

transmit energy into the fracture and total internal reflection is observed (figure 

8a). In the presence of a third medium close to the boundary, which is the case for 

the fracture here, the evanescent wave will not decay much before it reaches the 

boundary between the fracture and layer 3, where it is partially reflected back into 

the fracture and partially transmitted into layer 3 (figure 8b). This explains why 

total internal reflection is not observed in the 0.1λ and 0.25λ thick fractures.   

 

(a) 

 
(b) 

 
 

Figure 8. Evanescent waves in (a) a fracture with h2 < 0.3λ and (b) h2 > 0.3λ. See text 

for explanation. 
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between the fracture and the host rock must be significant in order to detect the 

fracture and observe the AVA characteristics outlined above. 

 

6  Practical considerations  

A practical approach to fracture characterization using the AVA method 

involves extracting AVA characteristics from field CMP data. Practical considerations 

mainly concern the design of CMP surveys, including identifying suitable reflections 

and achieving sufficiently long offsets or wide incidence angles, in order to observe 

the AVA characteristics. [4]  suggest collecting a CO profile first, and from the 

profile, identifying relatively distinct reflections for subsequent CMP surveys; hence, 

the choice of CO offset (antennae separation) is crucial. Identifying reflections 

depends on the degree of contrast in dielectric properties from the host rock.  

Theoretical AVA curves in figures 4 to 7 show that wide incidence angles are 

required to observe the AVA characteristics especially in fractures that contain water 

or a wet filling material. Achieving wide incidence angles (offsets) depends on target 

reflector depth, and the character of any velocity variation in the overburden (above 

the target reflection). Shallow reflections allow access to wide incidence angles but 

with these, it will be difficult to access amplitude data at wider offsets (angles) due to 

interference from the direct ground wave. 

The velocity structure in a CMP section also affects the range of incidence 

angles for a particular reflection. Most subsurface models are characterized by 

decreasing interval velocity with depth because of increasing moisture content 

with depth as the water table is reached. This structure results in ray bending 

towards the normal, decreasing the incidence angle with depth. This will limit the 

maximum incidence angle in lower layers (e.g. f1 in figure 9) because of total 

internal reflection beyond the critical angle. In designing a CMP survey, prior 

information on the nature of the rock under investigation is required especially on 

velocity.  
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Figure 9. A simple ray path through layers 1, 2 and 3, showing the reflections: f0 at 

layer1 – layer 2 boundary and f1 at layer 2 – layer 3 boundary. 

 

With prior knowledge on the velocity, the offset required to achieve a 

particular angle of incidence for f0 in figure 9 can be calculated from equation 7, 

while the offset for f1 is given by equation 8 from [4]. 

𝑋

2
 𝜃1 =  tan 𝜃1  . ℎ1                                                                                                 (7) 

𝑋

2
 𝜃2 =  ℎ1 . tan  𝑠𝑖𝑛−1   

𝜀2

𝜀1
 sin 𝜃2  + ℎ2  . tan 𝜃2                                              (8) 

Where: h is layer thickness, ε is permittivity, and X is offset. Subscripts 1 and 2 

correspond to layers 1 and 2 respectively. 

Figures 10a to 10c are predicted offsets required to achieve 20° and 45° 

incidence angles at f0 and f1 (figure 9) computed using equations 7 and 8. In all 

figures, offsets required to achieve the investigated incidence angles increase with 

depths to reflectors. In the case where: εr1 > εr3, relatively (relative to the case 

where: εr1 < εr3) wider offsets (at a particular depth to reflector) are required to 

achieve the investigated incidence angles, due to ray bending towards the normal, 

as offsets are increased.   
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 (a) 

 
(b) 

 
(c) 

 

Figure 10. Range of survey offsets, required to achieve 20° and 45° incidence at 

(a) f0, (b) f1 for εr1 < εr3; and (c) f1 for εr1 > εr3, for increasing depth to reflector. 
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7  Conclusion  

In this paper, I presented the theoretical basis for fracture characterization 

using the GPR thin layer AVA method and how fracture amplitude data can be 

collected from the field and analysed with the method. I illustrated the sensitivity 

of thin layer AVA characteristics on the thin layer thickness and dielectric 

permittivity of the filling material using synthetic AVA curves. I generated AVA 

curves for various fracture models using a broadband model. The magnitude and 

curvature of the AVA curves depend on the fracture aperture and fill permittivity 

suggesting that fracture aperture and fill permittivity can be obtained from field 

measurements. Amplitude data for AVA analysis is collected in the field through 

CMP surveys. Converting these amplitude data for AVA analysis requires some 

careful but simplifying assumptions on the system under investigation, applying 

some amplitude corrections and offsets need to be converted to incidence angles. 

Fracture aperture and fill permittivity can then be constrained by fitting theoretical 

AVA curves for various fracture models to a field derived AVA curve. 
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