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ABSTRACT

This work presents the evaluation effectiveness of the GPR tomography for characterization of square
voids in engineering structures. One of the columns of the iconic main building of the Moscow State University
was selected as a target object with known configuration. Given that the heterogeneity of the column complicates
the interpretation of GPR data acquired in reflection mode, transmission tomographic ray coverage was
employed. Mathematical modelling and tomographic inversion to locate real objects were carried out. The radar
tomography and the common-offset GPR geometry techniques are compared with respect to the acquired
information about location, shape and dimensions of the void inside the column. The tomography results are
characterized by high precision and are more reliable compared to the results of single-fold GPR survey.
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1. Introduction

The non-destructive testing is a major and, in most cases, the only possible method of structure condition
assessment. Commonly tested constructions are columns, building footings and bridges. The load-bearing
capacity of constructions apart from concrete strength depends on defects of the internal structure: fractures,
foreign inclusions and voids. Voids differ in size and origin. They may be required by design (air ducts, etc.) or
developed in the course of construction damage.

The Ground Penetrating Radar (GPR) is one of the non-destructive methods commonly used for
assessment of structures and buildings. This method has higher resolution compared to acoustic methods and it
allows delineating internal structure and detecting anomalous zones, related to wet condition and cleavage. The
most popular operation mode of GPR is the single-fold antenna geometry. It is the most cost-efficient, the least
labour consuming and, consequently, the most commonly used method. GPR surveys in civil engineering are
aimed at structural information acquisition: estimation of slabs thickness [1,2], detection and location of steel
rebar or pipe hidden beneath the surface, estimation of integrity of metal elements [3], delineation of boundaries
within the structure [1, 2, 4]. There are several examples demonstrating ability of the GPR technique to estimate
material properties such as moisture or chloride content of concrete [5, 6, 7], location of large voids [8]. However,
there have been reported difficulties in differentiation of air-filled void from other types of inhomogeneity within the
section: rebars, boundaries of bricks etc. [9, 3, 4]. Based on these previous studies, the interpretation result is in
most cases ambiguous and the information regarding the internal structure properties is qualitative.

Use of GPR tomography can address the above-mentioned disadvantages of the single-fold GPR
operation mode. The tomographic ray coverage yields quantitative result: the acquired electromagnetic (EM)
wave velocity and amplitude allows not only delineation of «anomalous zones», but also estimation of the
moisture content of a structure as well as the volume of voids [10]. The application of direct signal with increased
number of the observation points is more meaningful, as it enables acquisition of quantitative EM properties at
every point of the studied volume. The technique complexity is leveraged by the quantity of the acquired
information.

This paper presents the analysis of the GPR tomography potential during the detection of air-filled voids of
various sizes by the example of isometric engineering structure. Mathematical modelling and field measurements
were carried out for the case of a column with a known structure containing a void.

GPR tomography is similar to seismic tomography, as applied to EM field. The problem of recovering
velocity in case of EM waves passing through a specified medium volume using known arrival times and
transmitter and receiver positions has the same solution as in seismic tomography. During the last 20 years,
seismic tomography has been widely applied to complex geological problems. A comprehensive review of the
method is given in numerous papers [11]. Aki and Lee were the pioneers of seismic tomography. Their first
tomography paper considered the problem of the earth crust velocity estimation in California area, with an
earthquake being the seismic energy source [12]. Since that time, the method has undergone many innovations
by means of improvement of forward and inverse problem solutions, processed data volume growth and
hardware development. The existing algorithms of tomographic inversion produce good imaging results for most
of the geophysical models. However, a few problems are considered to be complicated for implementation and
subsequent analysis.

One of these is a problem of detection and delineation of areas characterized by considerable positive or
negative velocity contrast with the host medium. The difficulties arise in estimation of the anomaly size as well as
in its delineation. The velocity anomaly leads to the following phenomenon: the velocity contrast between the
rocks is distributed through the whole medium, and the boundary between the blocks of the medium becomes
vague [10]. In a number of papers [13] the authors report successful use of the so-called “irregular” algorithm of
3D travel-time tomography ray tracing. The “irregular” ray-tracing approach allows suppressing artefacts caused
by noise and high velocity contrast and considerably improving the solution given noisy or inconsistent travel-time
data even for high velocity contrast anomalies (more than 20%) in the target region. Earlier this approach was
demonstrated for the 2D case [14, 15, 16].

Mathematical and physical modelling is often helpful to researchers. For instance, an approach for 3D
travel-time tomography, which works well in reconstructing high contrast velocity anomalies in the case of cross-
well observation geometry is analysed in [17]. Based on results of physical and numerical modelling the authors
demonstrated, that «when the velocity contrast is greater than 30%, the tomographic result will be deformed
significantly, when it is between 30% and 15%, it will be acceptable, and when it is less than 15%, it will be very
good» [17]. The authors attribute this effect to irregular ray coverage and insufficient grid sampling; however, they
use more than 100 source points and the same number of receiver points in modelling, considering the anomaly
size of about 50% of the model area.

The same mathematical algorithms accomplish tomographic inversion of GPR data, as in seismic
exploration. That is why all of the above-mentioned conclusions are applicable to GPR tomography.

The velocity of EM wave in the air is 30 cm/ns, while in concrete it is about 10-12 cm/ns, i.e. the observed
velocity contrast for the case of an air chamber is far more than 30%, which is typical for seismic exploration.

8

Sudakova M.S., Kalashnikov A.U., Terentieva E.B. GPR tomography as applied to delineation of voids / Cynakosa M.C., KanawHukos A.O.,
TepeHTbeBa E.B. MeopagapHas Tomorpadus NpUMEHUTENBHO K BbISIBMIEHMIO NYyCTOT ©



CTponTenbLCTBO YHUKaSbHbIX 34aHUI U coopyxeHnn, 2017, Ne9 (60)
Construction of Unique Buildings and Structures, 2017, Ne9 (60)

Application of the GPR tomography [18, 19, 20] is widespread to name just a few. Most of papers deal with the
crosshole radar tomography used for high-resolution characterization of the shallow subsurface between
boreholes. For instance, the problem of local high velocity anomaly (15% contrast) reconstruction using crosshole
radar tomography is solved [19]. The problem of location and quantification of voids and of larger deteriorated
areas in masonry structures using radar tomography was addressed in paper [20]. The authors succeeded in
recovering the size of voids with adequate accuracy. Yet as opposed to the size of voids, the velocity value in air-
filled void was recovered with a 30% departure from the accepted reference value. Therefore, the problem of high
contrast anomaly recovery (more than 30% contrast as in our case) using radar tomography potential appears to
be attractive and up-to-date. This problem can be solved using mathematical and physical modelling, as well as
field measurements on the objects with known structure.

2. Methods

The data type used in tomographic inversion imposes its division into ray, diffraction and full-waveform
modifications. The wavelengths used in ray tomography are much smaller than the size of inhomogeneities under
study. On the other hand, the long-wavelength approach is used in diffraction tomography. Currently the methods
of ray tomography are most commonly used for study of three-dimensional velocity inhomogeneities. Ray
tomography involves representation of input data in a form of composite functions along the lines (rays) in space.
Ray theory approach presumes energy propagation along ray tubes of finite thickness, as a function of a
wavelength. For this reason, a large number of rays results in complete coverage of the study area by a beam
tube [21].

21. Raytomography

One of the fundamental equations of ray tomography is the eikonal equation, which relates the arrival time
of the wave to a specified point to the corresponding velocity distribution. The eikonal equation (1) in two
dimensions (corresponding to the scalar wave equation) can be written:

oty Otio 2
(ax) +(az) =5(X,2) (1)

Where S = V:(Lr) is the parameter, inverse to velocity and called slowness. The components of s must be
mutually orthogonal. The traveltime function - {, is constant along a wavefront surface. Equation (1) is an
expression for the magnitude of the slowness vector. This equation is the basic equation of ray tomography; it
allows calculating time fields and ray paths of seismic waves.

The equation (1) implies the following corollary — an integral that expresses the wave traveltime along a ray
path P from the i source point to the | receiver point (2):

dl
r
R Ri

The inverse problem solution is based on the search of V(r) from the given T; distributions. In the high-
frequency approximation, the traveltime function is governed by the eikonal equation [22].

Since the ray path is a function of velocity, the function of arrival time is nonlinear. The Fermat Principle is
applied for linearization. The details of the tomography problem solution can be found, for example, in the paper
[11].

Assume that the travel time for the starting (or so-called background) model is equal to T, (3):

di
T, = 3)
° p{)Vo(r)

We can derive the integral along the whole path P,, calculated for the background model. This approach
facilitates ray tracing by choosing a layered background model to calculate the path P, (4):

dl
ATG) @
Po
Subtraction gives a linearized relationship (5) that expresses the traveltime delay oT:
a‘r=T—T0zj(i_i)d|z_j5V(2r)d| 5)
V 'V, V
Po Po

Where oV (r) — being the velocity anomaly of a model.
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As a result, we derive an approximate linear relationship between 6V (r) and deviation between the time
values T and T, on assumption that the ray path remains unchanged. The problem is reduced to finding oV (r)

from the known time deviation.

Several assumptions are made when performing ray-based tomography: the validity of ray-theory (the
“infinite” frequency assumption) and linearity of the inverse problem. If the anomalies perturbing the ray paths
have large contrasts with the physical properties of the host medium and have sizes of approximately the same
order as the wavelength, the basic assumptions of the ray tomography break down. Consequently, the estimated
traveltime delay measurements have systematic errors. These errors are attributed to so-called wave front
healing — the interference of directly travelling waves with the waves diffracted around anomalies [23; 24].

2.2. Study object

One of the columns of the main building of Moscow State University (MSU) was selected as a target object
with known configuration. According to the data provided by the engineering service of the MSU, the column has
the structure, presented in Figure 1 The column’s horizontal section is a square of side 1.5m, with a square void
in the center, measuring 70cm by 70cm. The column is encased in granite. There are several concrete layers
under the granite coating. The thickness of the granite-concrete layer is 40cm on each side.

750 750 — an outer layer of the granite
coating 10cm thick
S| o oD
o0 1O 350 350 (= '8 8 — leveling concrete
N ps
20 50 — concrete block

2

Figure 1. Design-basis column configuration. Section in a horizontal plane. The figures
correspond to the thickness of layers and the size of a void (white filling) in mm.

2.3. GPR survey using single-fold GPR antenna geometry

First, the GPR survey on the column was performed using single-fold GPR antenna geometry. A georadar
Zond 12e (RadarSystems Riga, Latvia EU) with a 2000 MHz center frequency antenna was used for a single fold
survey. The antenna was pulled directly over the surface, with the tie performed with a survey-wheel odometer.
During the radar acquisition the record length was 50 ns, the sampling rate was 0.01 ns.

2.4. Mathematical modelling

In order to study tomography potential and to select the parameters of field measurements, we have
executed mathematical modelling. The model represents an engineering construction with dimensions
comparable to the actual one.
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The wavelength in real medium is likely to be of the order of 10cm when using the 2GHz antenna.
Therefore, the void size was set to vary from 10cm (about 1 wavelength, at the boundary of the method
resolution) to 70cm (half the linear size of the entire model, about several wavelengths) in our modelling.

Three configurations of void position have been tested for modelling: in the corner of the model, in the
center of the model and against the wall. The modeled size and position variations describe most possible cases,
given a unit void inside a concrete structure. Owmn6ka! UcToOYHUK ccbinku He HanaeH.a features a schematic
representation one of a simulated media (model 2, void in center). X

, M

wnd 0102 03 04 05 06 07 08 09 1 11 12 13 14 15

0.1 02 03 04 05 06 07 08 09 1 11 1.2 13 14 1.

0

Y, M
Figure 2. Assessed Model 2 of engineering structure containing a void (the void is in the center of a
model). The figures designate the model numbers and the void sizes in decimeters. The grid cells are
indicated by fine gray line.

The radiation and receiver points were situated on the two opposite faces of the square model with
transmitter and receiver intervals equal to 10 cm. 14X14 array of receivers and transmitters for the two opposite

faces make 392 data sets (Figure 3). The transmitter points are marked by «S», while the receivers by «R».
VRN [P Jeuun Coompmy| R FPRRC) Neenn] NPT CAMPRD: . (SIS OI| Ry (g ) Lo

LSS 5§ 8§ S 8588 5§ 3 -

| | J I | I | | | ) | I ) | 1 |
l].x 0.1 02 03 04 05 06 07 0.8 09 1. 11 1.2 1.3 1.4 15

Figure 3. Raypaths and positions of transmitters and receivers. The transmitters are marked by
«S», while the receivers - by «R».
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The calculations were carried out using the software “GeoTomCG” (GeoTom, LLC) by Daryl Tweeton. The
main principles and the computing algorithm are laid down in [26]. The software involves calculation on a regular
mesh with rectangular cells. GeoTomCG performs inversions with simultaneous iterative reconstruction
technique, or SIRT and allows straight and curved ray tracing [27, 28, 29]. Curved ray tracing in GeoTomCG is
performed with a revised form of ray bending, derived from the Um and Thurber method with modifications
yielding more reliable results [30].

The first stage involved calculation of travel time for the given void-containing model (forward problem
solving). The first break times were calculated for each model (see Owunbka! MCTOYHUK CCbINKM He HaNAEH.)
with corresponding acquisition geometry (Figure 3). The second stage involved solving the inverse problem using
the calculated time values. The initial model was characterized by two constant-velocity approximations:
V=12cm/ns - velocity in void-free structure and V=Vrms, where Vrms — is the root-mean-square velocity
throughout the arrival times with the assumption of direct rays. The root-mean-square velocity increased from
12.4cm/ns in the presence of a void with dimensions of 10x10 cm to 13.4cm/ns for the void with dimensions of
70x70cm. Although this variation lied within the limits of 12% of the model velocity, the velocity increase would
implicitly indicate the occurrence of a void in case of noise-free data. The number of iterations for each inverse
problem was equal to 40; the problem was solved for curved rays. The cell size was 10x10 cm. The iterative
process was tailored in such a way that the iteration index increase provoked the decrease of the mean-square
and the total deviation values.

The analysis of the errors showed that the increase of void dimensions from 10x10 cm to 70x70 cm leads
to the increase of deviation by two orders of magnitude: from 0.0025ns for the minimal void, to 0.5ns for the
maximum void located in a corner. The calculation error was also affected by the void position: the minimum
mean-square deviation corresponded to the corner void position, while the maximum — to the void position
against the wall.

2.5. GPR tomographic measurements on the known construction

GPR tomographic measurements of the column with known construction presented in Figure 1, were
carried out in order to test the calculations.

The radar Zond 12e manufactured by RadarSystems (Riga, Latvia EU) with 2000 MHz antenna was used
for tomography studies. The transmitter was moved along the labelled points in discrete mode. (Figure 4.) The
receiver was moved along the labelled points in discrete mode, while transmitter was held at the same position.
After changing the transmitter position, the receiver antenna was moved from point to point. The record length
was 50 ns and the sampling rate was 0.01 ns. The acquisition was executed without stacking and filtering. The
traveltime calibration is carried out by measuring the so-called “air pulse” (from transmitter antenna to receiver
antenna).
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Consequently, we performed first break picks for all radargrams. Figure 5 presents one of the radargrams
and an example of the first break picks. The red line represents calculated time values for the model 2 (void in the
center), the void size of 70 cm, and the transmitter position at 0.6m. The mismatch of arrival times can be a result
of inhomogeneous column structure.

The starting model parameter used for the calculation of the inverse tomographic transform was
Vrms=12cm/ns. The calculation involved curved rays; the mean-square mis-tie was 0.08 ns, while the total mis-tie
was about 1.3 ns.

fime, ns

6 8 10 12 14 16 18
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Figure 5. Example of GPR tomography data (the transmitter antenna position is at 0.6m) with an
example of first break picks (the blue line). The time delay is 2ns. The red line designates the calculated
time values for the model 2 (the void in the center), the void size is 70 cm; the transmitter position is at

0.6m. The mismatch of arrival times can be attributed to inhomogeneous column structure.

3. Results and discussion

3.1. GPR survey on using single-fold GPR antenna geometry

The radargram, acquired using single-fold antenna geometry is presented in Figure 6. The measurements
were executed on each side of the column, the interval between the vertical markers corresponds to each side in
Figure 6. An example of line drawing corresponding to possible boundaries is presented in Figure 7. The
radargram demonstrates coherent events; however its interpretation significantly differs from the design-basis
column configuration : neither amplitude variation, no multiple reflections that might be indicative of a void are
observed. As is argued in [25] the estimation of void size using single-fold antenna geometry is unfeasible. Both
figures (Figure 6 and Figure 7) demonstrate a complex pattern of the wavefield, which consequently implies non-
unique interpretation.
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Figure 6. Radargram, acquired on the column presented in Fig.1 using single-fold antenna

geometry.
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Figure 7. Interpretation (A) and the corresponding radargram (B) acquired on one of the sides of
the column in single fold geometry. The white line drawing corresponding to possible boundaries.

3.2. Mathematical Modelling

Figure 8a presents results of mathematical modelling: calculated velocity distribution (derived for the sizes
of voids 10cm, 20cm, 40cm and 70cm) and different starting velocities for model 2 (void in center). The black box
indicates the void position.

Figure 8b shows ray paths, for the void sized 40cm. The theoretic ray paths for the forward problem (the
second column from the left) differ from those calculated for the inverse problem (two columns on the right);
however, one can see a refraction on the anomaly boundary. There are no principal differences among ray paths
for different starting velocity approximations.

The results show:

The voids with dimensions exceeding 20cm are delineated with higher confidence, regardless of their
position (Figure 8a). The void is not clearly distinguishable on velocity sections if the void size is less than 10 cm.
The latter may be caused by under-sampling of measurement grid.

The indicators of voids: more than 30% velocity increase (for the void size of 20 cm), and more than 100%
velocity increase (for the void size of 70 cm); ray bending at the boundary of the high-velocity area, coinciding
with a theoretical void boundary (Figure 8b).
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Figure 8. a) Some results of mathematical modelling (the inverse problem). The black frame
indicates the assigned void position. The velocity is given in m/ns b) Theoretical (forward problem)
and calculated ray paths (inverse problem) for model with void size 40cm. The axes labels are in
meters.

3.3. GPR tomographic measurements on the known construction

Figure 9 illustrates the result of tomographic inversion of times measured on the column (a), and the ray
paths for the given velocity distribution (b). The specified void is marked by a black box.

Figure 9 demonstrates that velocity values vary from 10 to 30 cm/ns. A zone of higher velocity in the radar
tomogram was observed in the center of the velocity section, which fits to the location of the void (the black box
indicates the area with velocity range of 25-30 cm/ns, corresponding to velocity value in the air).

The problem of air-filled void delineation is solved: the tomogram in Figure 9 shows a clear and sharp
separation of the anomaly.

A modelling-prompted air-filled void indicator, i.e. ray bending phenomenon was observed at the boundary
of a void (Figure 9b). Moreover, velocity values inside a void exceeded velocity values in solid part by more than
30%. However, the average velocity in solid part was 17cm/ns. Based on results of the mathematical modelling,
we can conclude, that the given velocity value was higher than the normal velocity for concrete. This artefact can
be attributed to the poor algorithm performance. Most of researchers state, that ray-bending algorithms can
sometimes lead to unreliable resolution, especially at interfaces of abrupt dielectric changes.
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Figure 9. Practical problem solving: a) inversion result, b) superposition of
inversion result and ray coverage. Velocity is given in m/ns. The axes labels are in
meters.
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The next stage of tomographic inversion included calculations with a more complex initial model: the initial
model with known void in the center of the column (see Fig.1 — column configuration). The result of tomographic
inversion based on the initial model is demonstrated in Figure 10. Given the initial model with known air-filled
void, the layered structure of the column can be seen (compare Fig.1 and Figure 10). This kind of quality can only
be achieved with a lot of previous data checks, an adapted starting model as it is published in [19] and
[31].Similarly, this is the case of small-size high-velocity anomaly, related to real crack observed on the surface of
the column (Figure 10). We observe the velocity anomaly obviously corresponding to the crack; however, the data
available do not allow estimating the size of the crack (especially its 3D structure under the granite coating).

It is worth pointing out that common offset radargrams resulted in complicated images, which was also
observed by [3] and it was not possible to differentiate between reflections on cracks and reflections on pieces of
granite coating, and the final radargrams result in complicated images. Consequently, a comparison between the
method based on the common offset acquisition and the tomographic technique shows that more sophisticated
tomographic acquisition technique results in quantitative consistent results. Limitations in the resolution
achievable by tomographic inversion are partly limited by the number of artefacts, which appeared in the results.
Accuracy in reconstructing velocity images is controlled by density coverage of raypaths in the tomographic
sections. One of possible solutions to account for problem from the ray-based inversion is the full waveform
inversion [31]. However, the full waveform inversion comes at a cost of huge computing time and the computer
resolving power needed [32].

Figure 10. Result of tomography with initial model with known void in the center. Constant
velocity contours presentation (left) and section plane position on a column (right, red line). Velocity is
given in m/ns. The axes labels are in meters. The white arrow designates the granite coating gap, which
corresponds to the high-velocity anomaly on the velocity section.

4. Conclusion

The mathematical modelling and field measurements demonstrated that:

1. GPR tomography is a reasonable solution for the problem of voids detection inside engineering
structures. Despite of the upfront labour input, the acquired results are characterized by high quality and are more
reliable compared to the results of single-fold GPR survey.

2. The voids measuring more than 20 cm can be successfully delineated, regardless of their position,
based on the following indicators: ray bending at the boundary of the void and velocity increase by more than
30%.

3. The mathematic modelling has demonstrated that GPR tomography may be suboptimal for void
delineation, when the void measures less than 10 cm, given the transmitter and receiver offset equals to 10 cm.

4. Simultaneous estimation of EM velocity distribution in a solid part of the column and correct velocity
estimation inside a void is problematic due to inaccuracy.

5. Increase of the number of parameters of the known objects under study can improve the model tuning,
which in turn could significantly enhance the stability and reliability of problem solution. Owing to these
improvements, higher precision of anomaly detection and better size estimation can be achieved.

The advanced tomographic technique will be extensively used by construction companies, structure and
infrastructures owners who seek accurate geometrical information through using cost-effective solutions.
However, there is still a need to adapt software tomography algorithms and signal processing techniques.
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FeopapapHasa ToMmorpadms NPUMEHNUTENBHO K BbIABIEHUIO NYCTOT
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doi: 10.18720/CUBS.60.1 MopaHa B pegakumio: 09.11.2016 HepaspyLlaoLLmii KOHTPOb;
3NEeKTPOMarHUTHbIE METOAbI;
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reopagap;
ToMorpadus;

AHHOTALINA

B paboTe npeacraeneHa oueHka apEKTMBHOCTM reopagapHon ToMmorpadun, HanpaBneHHON Ha NOUCK U
onncaHve KBagpaTHbIX MYCTOT B MHXEHEPHbIX CTpykTypax. OObLeKToOM uccnenoBaHus Obina ogHa M3 KOJOHH
rnasHoro 3gaHua MIY ¢ ns3BecTHOW KOHCTpykuuen. HeogHOPOAHOCTb CTPOEHUSI KOMOHHbI CUIMbHO 3aTpyaHAeT
WHTeprpeTauuio [[aHHbIX reopajapHoro npodunupoBaHna © Aenaet HEBO3MOXHbIM  MOUCK MYCTOThI,
HaxoAsIencss BHYTPU KOJIOHHbI, MO3TOMY Hamu ObifMa npyMMeHeHa Tomorpadumyeckas meToguka. bbinm
BbINOMHEHbI MaTeMaTUYEeCKOEe MOAENMPOBaHNE N ToMorpaduyeckoe obpalleHne Oris OKOHTYpUBaHWS NyCTOThI.
Hamn BbIMONMHEHO CpaBHEHME pe3ynbTaToB reopajapHoOM TomorpaduM WM TPaguLMOHHOIO reopagapHoro
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BHYTPU KOMOHHbI. Pe3ynbTaThl TOMOrpadmnyeckoro obpalleHms xapakrepmsytotcs 6onee BbICOKOW TOYHOCTBIO U
[OCTOBEPHOCTLIO MO CPaBHEHUIO C TPAAULMOHHOW reopagapHON METOANKON.
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