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ABSTRACT

Georadiolocation method has been widely used in many fields with geological content. Important results are obtained
in the solution of many problematic issues of urban engineering, the solution of many tasks has become possible in
archaeogeoradiolocation.

For archaeological work, it is important to fix and decipher the radio image of the object as a result of the mutual
distance between the target objects and the georadar antenna. During archaeological work, the distance of the target
object is unknown, which distorts or even makes it impossible to fix the radio image of the object. Important information
may not be received.

A radio view of the object is allocated, which embeds the location of the object and exceeds its geometric dimensions
spatially by approximately three times. At the same time, the lower part of the object is connected to the radio image in
general with the so-called feature of antennas. With the content of the diagram of the direction of the electromagnetic
field, that is, it clearly defines and separates the location of the object considered as a secondary radiation antenna.
Thus, it is possible to determine the physical model of the foundation and, therefore, the radio image of the field object
based on the theory of the similarity of geolocation electromagnetic fields. The depth of the model object is clearly
defined by the location of the last horizontal synch axis recorded on the radio face on the radargram, both during
horizontal and vertical georadiolocation exposure.
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Introduction

The Radio Image of an Object with an Elongated, Face-Fragmented, Dielectrically Complex Structure
was Studied Using the Method of Georadar Physical Modeling

The method of georadiolocation has found wide application in many areas of geological content.
Important results have been obtained in solving many problematic issues of urban development, the solution
of many problems has become possible in archeogeoradiolocation [1-9].

Problem

For archaeological work, it is important to record and decipher the radio image of an object as a result
of the mutual arrangement between the target objects and the ground penetrating radar antenna, i.e., to solve
the inverse problem of electrodynamics. In order for the radio image of an object to be fully recognized, the
GPS antenna must be located in the far zone of the target object, i.e. the distance between the antenna and the
object must exceed the wavelength of the radiation. In archaeological work, the distance to the target object
is unknown, so the object can be located both in the near zone and in the middle and far zones relative to the
antenna, which distorts or even makes it impossible to record and recognize the radio image of the object. As
a result, important information may not be obtained during archaeological GPR work [10,11,12,13].

Methods and tools

In the sector of applied and experimental geophysics of the Institute of Geophysics, using a device for
georadar physical modeling, studies were conducted to determine the radio features of objects located in the
middle zone. Based on the theory of similarity using three-dimensional scaling coefficients, it is possible to
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calculate the frequency and geometric dimensions for detecting natural target objects and recording their
radio images [2,3,4,5,11,12,13,14,15].

Model

For archaeological research we have chosen such an important object as a model of a fragment of the
foundation of the wall. The model is made of basalt parallel-faced blocks of irregular shape with a thickness
of about 0.05-0.06m, the average length varies within 0.25-0.35m, the gaps between the blocks are filled
with the material that makes up the model environment - sand. The model itself is presented in the form
similar to a parallelepiped with curvature. Its uneven dimensions are on average 0.7x0.3x0.2 m, and the
curvature of the surface varies by 0.05-0.10m.[2,4,14]

Ground penetrating radar from the day surface.

For the sand-covered object, seven parallel profiles were drawn across the foundation-object/wall.
Below is a diagram of the relative position of the longitudinal model object and the ground penetrating radar
profiles.

The ground penetrating radar profiles were drawn using the Zond 12-e ground penetrating radar, a
2GHz receiving and transmitting standard antenna, data search, processing and interpretation were carried
out using the Prizm-2.70 software.[.]

Georadar physical model of a parallelepiped of complex dielectric and fragmentary composition
(Scheme 1).
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Scheme 1.

An object composed of basalt blocks with uneven boundaries, having the shape of a curved
parallelepiped with parallel edges, the spaces between which are filled with sand, which constitutes the
modeling environment, was chosen as a model. The dimensions of the object are approximately
0.7x0.3x0.16m. The object is located 0.05-0.10m below the air-sand horizontal surface.

The model is placed inside the model area of the sand-containing environment measuring
2.4x1.4x1.4m. With horizontal ground penetrating radar exposure, the profiles are parallel and are spaced
from each other at a distance of 0.12m.

When exposed from a vertical wall, the profiles pass through the surface of the submerged model,
covering only the air-containing space, the second profile covers the part containing the object, and the third
passes through the lower part, where the radio image of the object should be located.
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Fig. 1. Shows the corresponding radargram Prof-1, obtained with the transmitting-receiving antenna of the
ground penetrating radar "Zond 12-e", 2 GHz.

The location of the object of study on the course of profile-1 (Fig. 1) is not marked, therefore its
influence on the radargram is not visible. The radio image of the model object against the background of the
existing lateral anomalies is not clearly readable, but the part of the radio image caused by the “bow-tai” type
of “hole” /model space, wall-wall model/ is poorly distinguishable but easy to read.
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Fig. 2. Shows the corresponding radargram of profile-2, obtained using the receiving and transmitting
antenna of the Zond 12e georadar, 2 GHz.

The location of the object of study along profile-2 is poorly marked (Fig. 2), so its influence on the
radargram is partially visible. The radio image of the model object is not clearly read against the background
of the existing lateral anomalies.

1

Fig. 3. Shows the corresponding Prof-3 radargram obtained using the Zond 12e 2 GHz range ground
penetrating radar transceiver antenna.

The location of the object under study is clearly marked on the Profile-3 course (Fig. 3), so its
influence on the radargram is visible. The radio image of the model object is well readable against the
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background of minimal lateral anomalies. The location of the object is limited from below by the last clear
continuous section of the in-phase axis at distances of 0.9-1.25m and a depth of 0.2m. The object is made of
uneven slabs and is unevenly located, which often happens when working in field conditions with
archaeological sites. Directly under the object, on the radio image, at a distance of 1.05-1.13m, a spatial area
is observed, decompressed from the in-phase axes, with the center at a depth of 0.25m.

1

Fig. 4. Shows a radargram corresponding to Profile-4, made with a receiving and transmitting antenna of the
Zond 12e 2 GHz georadar.

The location of the object of study is clearly marked on the Profile-4 course (Fig. 4), so its influence
on the radargram is visible. The radio image of the model object is well readable against the background of
minimal lateral anomalies. The location of the object is limited from below by a section of the last clear
continuous in-phase axis at distances of 0.9-1.13m and a depth of 0.2m. The object is made of uneven slabs
and is unevenly located, which often happens when working in field conditions with archaeological sites.
The increase in the depth of the object's radio surface is caused by its curvature. Directly under the object, on
the radio image, a spatial area is visible, decompression from the in-phase axes at a distance of 0.9-1.1m,
with a depth center of 0.27m.

1
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Fig.5. The location of the object under study is clearly marked on the profile-5 course, so its influence on the
radargram is visible.

The radio image of the model object (Fig.5) is well readable against the background of minimal lateral
anomalies. The location of the object is limited from below by the last clear continuous section of the in-
phase axis at distances of 1.08-1.25m and a depth of 0.22m. The object is made of uneven slabs and is
unevenly located, which often happens when working in the field with archaeological sites. The increase in
the depth of the object's radio image is caused by its curvature. Directly under the object, on the radio image,
a spatial region is visible, decompressed and separated from the in-phase axes at distances of 1.15-1.25.1m,
with the center at a depth of 0.29 m.
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Fig. 6. Shows a radargram corresponding to Profile-6, made with a receiving and transmitting antenna of the
Zond 12e 2 GHz georadar.
The location of the research object is weakly manifested during Profile-6 (Fig. 6), so the distorted
radio image partially shows its influence on the radargram. The radio image of the model object is still well
readable against the background of lateral anomalies.
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Fig. 7. Shows a radargram corresponding to profile-7, made with a Zond 12e, 2 GHz georadar receiving and
transmitting antenna.
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Along profile-7 (Fig. 7), the location of the research object is less noticeable, so its influence on the
radargram is minimal. The radio image of the model object is weak and less legible against the background
of existing lateral anomalies.
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Fig. 8. Shows five profiles (profiles 3-7), constructed by Voxler 4.
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Fig. 8 shows five profiles (profiles 3-7), constructed by Voxler 4, which sequentially depict the spatial
arrangement of the radio image and their feature in the form of separation of the in-phase axes. Which is
presented in the form of obliquely located in-phase axes, after parallel horizontal in-phase lines, determining
the depth of the object, in accordance with the unevenness of the image of the object.
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Fig. 9. Shows the depth-encompassing radio image of the object on the prof-5, outlined with a white line.

The radio image of the object (Fig. 9) is distinguished, which imprints the location of the object and
exceeds its geometric dimensions in space by about three times. In this case, the lower part of the object is
connected with the radio image as a whole by the content of the so-called electromagnetic field pattern,
characteristic of antennas, that is, it clearly defines and separates the location of the object, which is
considered as a secondary radiation antenna. Thus, based on the theory of similarity, the foundation model
and, consequently, georadar electromagnetic fields, it is possible to clearly and unambiguously record the
radio image of a field object in accordance with the numerical calculation using the model coefficients.

H(Depth)m

Fig. 10. Shows a spatial 3D radio image constructed using profiles Prof.3-7 (by Surfer 9 software),
depending on the depth of the object relative to the ground penetrating radar antenna in the near and middle
zones.
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The presented 3D radio image corresponds to the geometric dimensions of the object location,
composed of fragmentary elements of the "wall foundation™ for depths of 0.22-0.25m. The boundaries of the
model location are clearly outlined, and the vertices correspond to the uneven ridges of the object fragments.
The longitudinal size of the minimum area of the object, from which the reflected wave is proportional to the
order of a quarter of the incident wave, was recorded.

The depth of the model object is clearly defined by the position of the last horizontal synphase axis,
recorded at the radio boundary on the radargram. Reflected and refracted electromagnetic rays are recorded
by the radar and the Prizm 2.7 software. The radio image is clearly distinguished on the radargram by three
intensity levels of the electromagnetic wave synphase axes: the first is the upper part of the physical position
of the object itself, the second is a clearly horizontal axis of the last synphase, limiting the location of the
lower part of the object, after which the presence of the upper part of the radio image appears, i.e. the radio
image itself, exceeding the width and depth of the object by about three times. From the lateral side, it is an
isosceles trapezoidal shape.

Composite physical model

Let's consider the same object - a fragmentary model of a foundation, with a clearly defined metal
insert in the surrounding medium of a disk-insert, located 0.3-0.7m away from the foundation model.

The physical model of the study consists of a parallelepiped of uneven curvature (Scheme 2) and a
metal disk with a diameter of 0.4m at a distance of 0.7m from it with a concave cavity of 0.04m. In field
conditions, the model corresponds to the reality of objects similar to a metal hatch near archaeological or
urban development works.
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Scheme 2. Representation of the layout of a composite model of a dielectric parallelepiped and a metal disk.

Fig. 11 shows Prof-1 F+D. The corresponding radargram obtained using the antenna of the Zond 12e
2GHz ground penetrating radar transceiver for the physical model of the foundation+disk. The radargram
corresponds to the ground penetrating radar section with background effects, the presence of model objects is
not recorded by the radio image.

Fig. 12 shows prof-2 F+D. The corresponding radargram made with the help of the antenna of the
Zond 12e 2GHz ground penetrating radar transceiver for the physical model of the foundation+disk and
spaced from prof.1 at a distance of 0.12m.

The radargram corresponds to the ground penetrating radar section with a partial influence of the
effect of the presence of the model.
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Fig. 11. Prof.1 F+D.
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Fig. 12. Prof.2 F+D
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The corresponding radargram (Fig. 13) made with the help of the antenna of the Zond 12e 2GHz
ground penetrating radar transceiver for the physical model of the foundation+disk and spaced from prof.1 at
a distance of 0.24m.
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The radargram corresponds to the ground penetrating radar section with the radio image of the

foundation model and the influence of the disk.
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Fig. 14. Shows prof.3-F+D.

The corresponding radargram (Fig. 14) obtained using the antenna of the Zond 12e 2GHz ground
penetrating radar transceiver for the physical model of foundation + disk and spaced from prof.1 at a distance
of 0.24m. The digital gain option is used when processing the lower side of the radio image on the
radargram. The radargram corresponds to the ground penetrating radar section with the representation of
foundation + disk as a single radio image consisting of a model radio image and a disk radio image. The
constituent radio images are highlighted with white lines. The influence of the void under the disk on its
radio image is revealed.
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Fig. 15. Shows prof.4 F+D.

The corresponding radargram (Fig. 15) obtained using the Zond 12e ground penetrating radar
transceiver antenna, 2 GHz for the physical model of foundation + disk and spaced from pr-1 at a distance of
0.48m.

The radargram corresponds to the ground penetrating radar section with strong foundation + disk
influences on the in-phase axes of a single radioimage consisting of the model radioimage of the foundation
and the disk radioimages. The constituent radioimages are highlighted with white lines. The influence of the
void under the disk on its radioimage and the radioimage of the foundation model is clearly visible. The in-
phase axes are sharply curved at distances of 1.13-1.75m. Despite the strong influence in the form of
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curvature,

the in-phase axes clearly show the location of both the base of the dielectric wall and the

metal/iron disk on the radargram.

Fig. 16.
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Shows prof- 6 F+D. The corresponding radargram obtained using the antenna of the Zond 12¢ 2
GHz ground penetrating radar transceiver for the physical model of foundation+disk.

Prof-6 is less informative (Fig. 16), although it accurately reflects the dimensions of the foundation

model.

Based on the above, the radio image of the disk contains additional information about the presence of
a disk cavity and fragmentation of the foundation base.

We

can propose “Borrowing” from antenna theory the term ‘“antenna directivity patterns” for the

secondary radiation objects observed on the radargram, which, like the receiving and transmitting ground
penetrating radar antennas, will depend on the exposure of the ground penetrating radar antennas.

The radargrams obtained during vertical exposure of the ground penetrating radar section.
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Fig. 17. Prof-1 F+D shows a georadar section of vertical exposure with a foundation model and a metal disk

insert.

The profile (Fig. 17) did not reflect the anomaly, since the receiving and transmitting antenna passed
above the daylight surface.
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Fig. 18. Shows a georadar section, prof.-2 vert., made in vertical exposure with a foundation model and a
metal disk insert.

A georadar section (Fig. 18) obtained by shooting from a vertical plane for a complex physical model
of a foundation + an iron hollow disk is presented.

The radio image presented for the model (Fig. 18) shows a hyperbolic arc of the electromagnetic field
observed in the vertical exposure of the foundation, marked with white lines.

The profile showed an anomaly, since the receiving and transmitting antenna passed below the day
surface, although close to the surface.

113 1.25
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Fig. 19. Shows a ground penetrating radar section of profile 3 vert, in vertical exposure with a
foundation model and a metal disk insert.

The anomaly was reflected in the profile (Fig. 19) when the receiving and transmitting antenna passed
below the day surface, at a depth of 0.1m.

The radio image obtained for the physical model of a foundation + a hollow iron disk of complex
heterogeneous composition, obtained during irradiation from a vertical plane, is clearly visible at a depth
with the beginning of the object 0.25-0.3m away from the wall containing the host medium and below the
day surface.

An arc in the form of a hyperbola separating the end of the object was clearly reflected. The
dimensions of the object/foundation/body are recorded in the exposure.
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We can offer a three-dimensional representation of the field distribution, made at a phenomenological
level for ground penetrating radar irradiation of an ideal parallelepiped type. We can call this type of field
representation a secondary radiation diagram of an object inserted into the environment, which is an
additional characteristic of the radio image of the object and will give us an idea of the type of object.

Scheme 3.

The illustration (Scheme 3) shows a schematic representation of the electromagnetic field diagram of
the direction of a stylized parallelepiped in the GPR (georadar) field in the in-phase axes of the radio image,
with the exposure of georadar profile in all directions, this time without taking into account lateral effects.

It is interesting to note that with a geometric length of the characteristic scale of 1 m and a model
frequency of 2 GHz, the natural scale at 500 MHz will be 4m. Consequently, in field conditions, the size of
the field parallelepiped will be 0.7x4 = 2.8m, 0.3x4= 1.2m, 0.2x4m = 0.8m, respectively, with an unchanged
permittivity of the environment. We discussed the calculation of scale factors for GPR physical modeling in
the articles.

Conclusion

The depth of the model object is clearly defined by the position of the last horizontal axis of the in-
phase line, recorded on the radio image located on the radargram, both for horizontal and vertical ground
penetrating radar exposure.

The radio image of the parallelepiped in the electromagnetic radiation field of the ground penetrating
radar, recorded by the ground penetrating radar and software, is clearly distinguished on the radargram by
three levels of in-phase axes intensity.

The first is the upper part of the physical location of the object itself;

The second is a clear horizontal axis of the final in-phase, delimiting the location of the lower part of
the object, above which the presence of the upper part of the object is manifested;

The third intensity level is the full radio image, exceeding the dimensions of the object several times
both in depth and horizontally and having a shape close to an isosceles trapezoid. Based on the analysis of
the radio images, in the case of 3D ground penetrating radar exposure, we will obtain truncated stylized
cones.

In general, the radio image of a parallelepiped with a 6-sided georadar exposure corresponds to and
contains the content of the antenna directivity diagram and expresses the directions of the predominant
increase in the electric field intensity, which is presented in the form of an illustrated figure.
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39MOHIOOMEMIS30M0 FJOMPOL 2odmYgbgds FoMOM® o3MEILPS JMEMA0MHO JobssGLOL
9Jmbg 9Moz5cm oMdo. 360d369wm3zs60 Fg9gagd0 oowgds WEMBdBMwo FHgdbozol FMO35¢0
3603 gdMm0 15300boL  9fY39BHod0, 3500 5dMEBOL 2505HY39GS dobs Tglsdagdgwo
5649MagMMHIOMEM35(30500.

2399gmBowos Md0gdGHoL MH3omloby MHMIgwrog B3l Mmd0gd@ol 49bmaglgdol syowml s
09353 9ds Aol 4gmIgEmove BmIgdL LOZOEMWIE IBEPMGBOM LAY JE. 5T5LMSE MdOYIEHOL
93905 bsfowo Hoombobglomsb 3538060900 BMYss© BGHIBYOOL Tobsliosmgdeols 9.§.
99dAHOMsab0GHMM0 390l F0ToOmMMEgdOl  EOsRMsdol  dobss@lom,  sbvy  d3530m©
2396LsBEZMH3L S odmygmaly FgmEMoO Jod3mbboggdol s6E9bs dohbgmeo Mmdog]E oL wmIsEosl.
009bo@,  Tgbodergdgros  LodoM3zgol  BobBogMmMo  dmEgeol o 8585Loodg
39MOHIOOMEMIS30M0 ggdBHOH™mIsgbo@d o 39wqdol dbgoglmdol MgmOm00Eb 5dmdobstg
15399 MB0YJEHOL BoEOMLIbolL sgOJLoMYdS.

Lo8MEYEM M309dBHOL OM®MT539ds 83930ME FoboLIBOZMYdS MoEOMLIbYBY ox0JLOMYdYO
oMM 3mOHOBMOEEIMOHO LOEGFIBMOMBOL ©gHIol FEIOIMHIMDO0 MOIOMAMITSDY, OHMYMO3
3mOH0DMb GO 0Ly 39MG039WIMO JJMMIQOMEM 353000 gJudmbBoiEool EOHMU.

1553356dm LOBHYZ3900: 59J9MAINOIPIMOMEIMIO303, MoOMbIbY, B0DOIMMO T omgds, Zond 12-e.

HUcciaenopanue MeToIoM reopajuoIOKaiMOHHOI0 (pM3NYECKOro
MO/IeJIMPOBAHUA PAAN000pPa3a 00bEKTA CIUIOMIHOM, TPAHEHO-
(pparmMeHTApHOM, AMITEKTPUUYECKH CJIOKHON CTPYKTYPbI

. OpnnaBanze, T. Ueannase, O. SIBosoBckasi

Pe3rome

Jlns apxeoJjormdeckux paboT BakHa (ukcarus W pacmudpoBKa paguoodpaza oO0beKTa B pe3yJibTaTe
B3aMMHOTO PACIIOJIOKEHUS MEXKIY IeJIEBBIMU 00BbEKTaMKM M aHTCHHOW reopajapa, T.e. pelicHue o0paTHON
3aJlauM ANIEKTpoauHaMHUKHU. [l Toro, 4to0bl paguoodpa3 o0bekTa ObLI MOJHOCTHIO PAcliO3HAH, aHTCHHA
GPS nmomxna pacrnosaraThCsi B JajibHEH 30HE IIEJIEBOr0 00BEKTa, TO €CTh PACCTOSHUE MEXKIY aHTCHHOW U
00BEKTOM JIOJDKHO TPEBBIATH JUIMHY BOJHBI M3Iy4deHHUs. [Ipu apXeoIOTHUecKHX paboTax pacCTOSHUE JI0
LIEJIEBOI0 00BEKTa HEU3BECTHO, IIOITOMY O0BEKT MOXKET HaXOIUThCS, KaK B OJIMXKHEH 30HE, TaK U B CpeIHEH
u )Z[aIILHeﬁ 30HC€ OTHOCHUTCIIbHO aAaHTCHHBI, YTO HCKaAXACT WJIH JaXX€ J€JIa€T HEBO3MOKHBIM (1)I/IKCElIII/IIO u
pacro3HaBaHue paauoOpasa o0ObekTa. B pesynbTare mpH apxeoreopaauoioKalMOHHBIX paboTax BakKHAS
HHPOPMAITUS MOXKET OBITh HE MOJTyUYCHA.

MeTo/1 reoparoIOKaIliy HAIE IMPOKOE IPUMEHEHHE BO MHOTMX 00JIACTSAX IE€OJOTHUYECKOT0 COACPKAHMUS.
BaxkHbie pe3ysIbTaThl MOJIYYEHBI B PEIICHUH MHOTHX MTPOOJIEMHBIX BOITPOCOB TPaIOCTPOUTENIBCTRA, PEICHHE
MHOTHX 33J1a4 CTaJI0 BO3MOXXHBIM B apXCOTeOPaIHOIOKAIIHH.

KiaroueBsble ciioBa: apxeopaauosiokarys, paaguooodpas, pusndeckoe Mmojenuposanue, Zond 12-e.
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