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Abstract

The ground penetrating radar (GPR) method has increasingly been applied in the non-
destructive testing of reinforced concrete structures. The most common approach to the
modelling of radar waves is to consider concrete as a homogeneous material. This paper
proposes a novel, heterogeneous, numerical model of concrete for exhaustive interpretation of
GPR data. An algorithm for determining the substitute values of the material constants of
concrete is developed, based on the modified complex refractive index method. Experimental
surveys and numerical simulations are conducted on a concrete laboratory sample with a
controlled degree of saturation, and on a real concrete slab with two different degrees of
saturation. The results indicate that the proposed model is fully capable of realistic finite-
difference time-domain modelling of concrete for ground penetrating radar diagnostics of

civil engineering structures with changing water content.
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1. Introduction

Ground penetrating radar (GPR) is used in a wide range of applications aimed at
diagnostics, evaluation, and the maintenance of civil engineering structures [1,2]. The GPR
method has proved particularly useful for assessing the condition of structures made from
reinforced concrete. In such structures, radar surveys focus on two main areas: inspection of
the reinforcing bars, and inspection of the concrete. Previous studies have indicated a
significant potential for the GPR technique in the identification of the number, position, and
distribution of the rebars in concrete elements [3-5]. The research also focused on the
identification of the diameter of the steel bars [6,7], influence of the bar spacing on the GPR
maps [8], inspection of the different arrangements of bars [9], and monitoring of the bar
corrosion [10,11]. For the precise and automatic detection of reinforcing bars, different
models of hyperbolic signatures have been developed, including the simplest model reducing
a bar to a point [12,13], the model considering a bar as a cylindrical object having nonzero
radius [14-17], and the model considering an actual bar radius and distance between the
transmitting and receiving antennas [18,19]. GPR applications for the inspection of concrete
have concerned detection of the following: cracks and voids [20], influence of chloride on the
permittivity of the concrete [21], evaluation of the water content in the concrete [22-25],
characterisation of the concrete mechanical properties in terms of dielectric properties [26],
monitoring of the concrete at high temperature [27], and hydration monitoring of young
concrete [28].

In recent years, the numerical modelling of electromagnetic wave propagation using a
finite-difference time-domain (FDTD) method has become a powerful tool for the exhaustive
interpretation of GPR data. In previous studies concerning numerical modelling aimed at
supporting GPR diagnostics in civil engineering structures, materials such as concrete [9,29—
31], stone [32], and bricks [33,34] have been considered as homogeneous, which was
frequently a sufficient simplification. Currently, there is an increasing interest in the
development of more precise, heterogeneous models of materials, where the electromagnetic
field propagates. The majority of the research to date has concentrated on realistic FDTD
modelling of soil, including soil’s inhomogeneity and the roughness of the soil’s surface
([35,36]). However, to the best of the authors’ knowledge, there is no common method for
modelling concrete as a heterogeneous material.

This study aims to simulate the GPR surveys in a heterogeneous and porous material
(concrete) more realistically. The objective of this paper is to propose a novel numerical
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heterogeneous model of concrete for FDTD simulations. First, an algorithm for determining
the substitute values of the dielectric properties is developed. Then, it is validated on a
laboratory concrete specimen with a controlled saturation level. Finally, the proposed model

is used to study the influence of the water content contained in a bridge deck.

2. Proposed heterogeneous model of concrete

The simplest model of a heterogeneous material considering the effective dielectric
permittivity of a medium can be described by the complex refractive index method (CRIM).
Owing to its simplicity and despite its lack of theoretical foundations, it is widely used to
describe rocks, soil, and concrete. The CRIM assumes that the effective permittivity of a
mixture can be expressed as the volume average of the effective permittivity of the

components [37]:

Je. =1-®) g, +(1-S)D [e, + DS [e, , (1)
where

&, — relative effective permittivity of concrete mixture,

&, — relative permittivity of the solid phase (concrete solid),
g, — relative permittivity of the gas phase (air),

g, — relative permittivity of the liquid phase (water),

® — porosity of concrete, and
S — degree of pore saturation.

In this paper, we propose an original heterogeneous numerical model of concrete, where
the distribution of the individual concrete components is pseudorandom. A Python script was
written to generate a pseudorandom position of the individual components of the concrete,
considering the percentage distribution of the fractions and their dimensions. In the model,
any graining curve created from a fraction between 1 and 32 mm can be used. Moreover,
different dielectric properties can be assigned to each fraction. The script was implemented in
the gprMax [38,39] input file. To begin, a computational area is defined where a
heterogeneous mixture is to be created. Then, the percentage composition of the individual
concrete components with the graining curve is specified (Figure 1a). In the next step, the
values of the material constants are assigned to each defined component of the mixture. The
definition of the other calculation parameters remains unchanged with respect to the
homogeneous models. Finally, the geometry of the heterogeneous mixture is formed with the

pseudorandom distribution of the individual concrete components (Figure 1Db).
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Figure 1. Developed heterogeneous numerical model of concrete: a) example of concrete composition and grain-

size distribution curve and b) visualisation of distribution of individual fractions

It is proposed that the material constants attributed to the individual components should
be described in accordance with the CRIM. Therefore, the creation of the heterogeneous
numerical model of concrete requires the identification of material parameters (i.e. the
dielectric permittivity and conductivity) of a tested concrete element for different degrees of
saturation. The algorithm for determining the substitute values of the material constants for
the numerical model is presented below. It includes the following steps:

Step 1. Determination of volumetric absorption N, and porosity @ of a sample

according to relations:

N, = —"‘100%\/_ o 100%, ©)

=L 1009, 3)
P

where

My — Mass of a saturated sample,

My, — Mass of a sample dried to a constant mass,
V' —volume of a sample,

A, — density, and

P, — density of the solid phase.

Step 2. Execution of GPR measurements for different levels of saturation (Step 2 must

be repeated for at least two different degrees of saturation):
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Step 3.

Step 4.

Step 5.

2.1. Determination of the degree of saturation S, of a concrete element according to

the formula:
S, =—.100%, (4)
NV

My o —
m

W= Mo .1009%, )

0%

where

w — moisture of a concrete element and

m,,, —Mmass of a concrete element at a given degree of saturation.

2.2. Execution of GPR measurements and determination of the velocity of
electromagnetic waves v.

2.3. Determination of the effective value of dielectric permittivity:
E=—. (6)
Approximation of the measured data using the CRIM assuming that the material

constants of the liquid and gas phases are known (¢, =1, &, =79.1+i8.6). Because

not all air pores must be filled with water, we propose a modification to Eq. (1), by
introducing the volumetric absorption and degree of saturation. Consequently, an
equation called a modified CRIM is obtained:

J& = (L-®) e, +(D-N,S, ) Je, + N, S, /5 » @)

from which the value of the solid phase permeability ¢, can be calculated.

Determination of substitute values of the permittivity. Because in the numerical
model the effective permittivity value is the weighted average of the individual

components, we propose an equation, called a numerical CRIM:

& =01-D)s, +(P-N,S, )&, +N,S,¢ (8)

VvV ~ws*

Equation (8), assuming that the permittivity of the gas phase cannot change (&, =1),

enables a nonlinear approximation for the substitute dielectric permittivity

parameters of the liquid and solid phases (i.e. ¢,, and &, ).

Determination of the substitute value of the dielectric conductivity to simulate
the damping properties of the material. For this purpose, the following equation can
be used [40]:

oc=w-&", 9)

where ¢" denotes the imaginary part of ¢.
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It should be noted that the algorithm for determining the substitute values of the material
constants described above is an approximate method. The approximations are performed at
each stage, starting from the determination of the density and porosity, ending with the
assumptions regarding the permittivity of the liquid phase. However, as indicated by the
investigations performed in this work, the proposed model can be considered significantly
closer to reality than the homogeneous model of concrete for GPR purposes.

In the case of diagnostic tests performed on existing structures, the information regarding
the components of the concrete is typically not known. In such cases, reasonable assumptions
of the volumetric absorption and porosity values must be made. In the authors’ opinion, the
error caused by these assumptions does not exceed 10%. Moreover, knowledge and
experience in the analysis of the concrete mixes can reduce the error to a minimum. The error
can be also minimised by the application of destructive methods and laboratory tests of

samples from the investigated structures.

Determination of volumetric absorption N and porosity ® Step 1

!

Execution of GPR measurements for different levels of saturation ), | Step 2

!

Determination of degree of saturation S}/ n=ntl
of concrete element

!

Execution of GPR measurements and determination
of velocity of electromagnetic waves v

!

Determination of effective value N
of dielectric permittivity £

!

Approximation of measured data using CRIM Step 3
Determination of substitute values of permittivity Step 4
Determination of substitute value of dielectric conductivity Step 5

Figure 2. Flow chart illustrating proposed algorithm for determining substitute values of material constants
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3. GPR investigations on reinforced concrete specimen

3.1. Description of specimen

GPR investigations were performed on a reinforced concrete sample with external
dimensions of 80 cm x 10 cm x 15 cm. A total of 10 steel bars were embedded in the
specimen: 3 bars with a diameter of 14 mm, 3 bars with a diameter of 12 mm, and 4 bars with
a diameter of 6 mm. One occurrence of transverse damage was included in the form of a
rectangular notch 20 mm wide and 40 mm high. The sample was composed of concrete of
class C20/25 including the following ingredients: cement type BV 42.5 (210 kg/m?®),
aggregate 0/2 mm (730 kg/m?®), aggregate 2/8 mm (540 kg/m?), aggregate 8/16 mm (640
kg/m®), and water (165 kg/m®). A photograph of the reinforced concrete specimen with

dimensions measured after it was completed is presented in Figure 3.

100mm =~ 95 mm 100 mm 105 mm 100 mm

100 mm

800 mm

Figure 3. Photograph of reinforced concrete specimen with dimensions and positions of steel bars

3.2. GPR surveys

GPR measurements were conducted using the Aladdin system manufactured by IDS
GeoRadar (Pisa, Italy) with an antenna unit operating with a frequency of 2 GHz. The
distance between the transmitting and receiving antennas was 6 cm. The GPR data were
collected using K2 FastWave software (manufacturer: IDS GeoRadar, version: 2.02.000) and
processed in GRED HD software (manufacturer: IDS GeoRadar, version: 01.06.002). Two
measurements were recorded each time (Figure 3). The first (A-scan) was conducted over the
unreinforced part of the specimen to estimate the wave propagation velocity in the concrete.
The second was the B-scan, which was performed along the specimen length to analyse the
effect of moisture on the radargram. The survey parameters were: 6 ns range, 512 samples per

scan, and 4 mm step.
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Figure 4. Reinforced concrete specimen on steel plate during GPR measurements

3.3. Identification of material properties

Experimental measurements were performed to determine the dielectric parameters of the
concrete. The specimen was dried to a constant mass, weighed, and then completely
immersed in water for four days and weighed again. In this manner, the volumetric absorption
was determined as Nv = 10%. The porosity was determined in an approximate fashion, using
the standard concrete density (2800 kg/m?), obtaining a value equal to ® = 23%. Then, the
specimen was subjected to drying and GPR measurements were recorded successively,
monitoring the decrease in the specimen weight. During GPR surveys, the concrete specimen
was placed on a steel plate to determine accurately the reflection of the electromagnetic waves
from the bottom of the sample. Measurements were recorded until the sample was fully dry.
Table 1 presents the change of the specimen mass and degree of saturation, measured from

the moment of removing the specimen from the water.

Table 1. Change of specimen mass and degree of saturation with time of drying

Time Mass of specimen  Degree of saturation

t[h] Mo [kg] Sv [%]
0 27.28 100.0%
12 27.15 89.5%
25 27.05 81.0%
35 26.97 74.3%
47 26.91 69.2%
60 26.87 65.8%
72 26.82 61.6%
83 26.80 59.5%
98 26.77 57.4%
121 26.74 54.9%
145 26.72 53.2%
175 26.69 50.6%
238 26.66 48.1%
323 26.64 46.0%
540 26.60 43.0%
1271 26.54 38.0%
2201 26.49 33.8%
4259 26.43 28.7%
4269 26.34 21.1%
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4288 26.25 13.1%
4381 26.17 6.8%
4456 26.09 0.0%

Figure 5 displays selected A-scans for different degrees of saturation with marked
reflection amplitude from the steel plate. It can be observed that the amount of the reflected
energy decreased with the increase of the degree of saturation. The relationship between the
amplitude of the reflected signal and degree of saturation for all conducted GPR surveys is
plotted in Figure 6. The decrease of the wave amplitude with the increase of the saturation

level can be observed.
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Figure 5. Selected A-scans with marked reflection amplitude for different degrees of saturation:
a) 0%, b) 33.76%, c) 65.82%, and d) 100%
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Figure 6. Relationship between amplitude of reflected signal and degree of saturation

Based on the registered A-scans, the time of the wave reflection from the steel plate was
established using the first peak with a positive value (see Figure 4). Then, the velocity of the

electromagnetic wave in concrete was determined based on the known height of the specimen
9
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(“depth to known reflector method” [19]), and the value of the effective permittivity was
calculated. Figure 7 illustrates the relationship between the permittivity and degree of
saturation. Experimental data are plotted as red circles. It is clearly visible that the
permittivity value increases as the degree of saturation increases.

In the next step, on the basis of the measured permittivity values, the modified CRIM
was applied according to Eq. (7) using the Levenberg—Marquardt method [41]. It was

assumed that the material constants of the liquid and gas phases were known (¢, =1,
g, =179.1+i8.6). Based on the CRIM curve fitting process (blue line in Figure 7), the

dielectric permittivity for the solid phase was obtained as ¢, =6.21.

14 -
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Figure 7. Relationship between effective permittivity and degree of saturation for tested concrete specimen

3.4. Determination of substitute values of material properties for numerical modelling

To verify the heterogeneous numerical model of concrete, two-dimensional (2-D) FDTD
simulations were performed using gprMax [38,39,42]. A part of the concrete specimen where
there were no reinforcing bars was analysed. The area of the calculation model was 25 cm x
20 cm and included a 5 cm thick layer of air, the concrete sample of dimensions 25 cm x 10
cm, and the steel plate to increase the amplitude of the reflected signal. Eleven numerical
models were generated with varying degrees of concrete saturation from 0% to 100%, with a
step of 10%. The porosity of the concrete was assumed to be 23% and the volumetric
absorption 10%, according to the experimental results. The geometry of the calculation model
for the 0% degree of saturation is displayed in Figure 8.

The excitation signal was applied as the Ricker function with a central frequency of 2

GHz. The distance between the transmitting and receiving antenna in the model was set to 6
10
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cm according to the actual distance between the transmitter and receiver in the IDS antenna.
The models were discretised using a grid with spatial steps of 0.5 mm X 0.5 mm. For each
model, calculations for 15 antenna positions were recorded, moving along the specimen every
10 mm. The zero time of acquired A-scans was defined using the second derivative [43].
Based on the time of the reflected signal, the velocity of electromagnetic waves was
determined and then the effective permittivity was calculated as a mean value from 15 A-

Scans.

0.2

scan direction

0.05 &

Figure 8. Heterogeneous numerical model of concrete for 0% degree of saturation

In the first stage of the FDTD calculations, the dielectric parameters obtained from the

experimental studies were adopted (&, =1, ¢,=79.1, and &,=6.2). The results are

displayed in Figure 7 with red stars. It is clearly visible that the data did not coincide with the
experimental data; this is because the calculated effective permeability was close to the
weighted average permittivity of the individual phases, where the weighting factor was the
volume of a given phase. Next, the adaptation of the numerical model was performed by
introducing substitute values of the dielectric permittivity of the solid and liquid phases. The
substitute values were obtained using the proposed numerical CRIM (magenta line in Figure
6, according to Eq. (8)) including the weighted average dielectric permittivity. In this manner,

the substitute permittivity of water &, =40.33 and the substitute permittivity of the solid
phase &, =5.83 were obtained. Moreover, damping was introduced into the model

considering the water conductivity as o =0.95 S/m according to Eq. (9). The results of the
numerical simulations using the adopted model are displayed in Figure 7 with green
diamonds. It can be observed that the adaptation of the FDTD numerical model ensured an

acceptable agreement of the numerical results with the measurement data.
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3.5. Validation of numerical model

In the last stage, the results of the FDTD calculations for the concrete specimen described
in Section 3.1 were compared with the experimental measurements. Two numerical models
were created, namely homogeneous and heterogeneous (Figure 9). The models accurately
represented the location and size of the reinforcing bars as well as the notch. The external
dimensions of the models were 86 cm x 20 cm. The models were discretised using a grid with
spatial steps of 0.5 mm x 0.5 mm. Three different degrees of saturation were considered: 0%,
50%, and 100%, which corresponded (according to Eq. (7)) to the following values of
dielectric permittivity: ¢, =4.61 (0% saturation), &, =6.46 (50% saturation), and &, =8.62
(100% saturation). For the homogeneous model (Figure 9a), permittivity values were adopted
as above. In the case of the heterogeneous model (Figure 9b), substitute values of the material

parameters were set as ¢, =1, ¢,,=5.83, ¢,, =40.33, and 0 =0.95 S/m (according to the

procedure described in Section 3.4).

PML

air scan direction

PML

02 03 04 05 06 07 08 [m]

Figure 9. Numerical models of concrete specimen: a) homogeneous and b) heterogeneous

Numerical radargrams obtained using both homogenous and heterogeneous models were
compared with the experimental data as displayed in Figures 9, 10, and 11. Figure 10 displays
the GPR maps for the specimen with a degree of saturation of 0%. It can be observed that the
GPR map calculated for the heterogeneous model (Figure 10c) is considerably more similar to
the experimental model (Figure 10a) than the radargram calculated for the homogeneous
model (Figure 10b). The radargram calculated for the heterogeneous model revealed
numerous reflections, especially visible in the area of the unreinforced concrete, which did not
appear on the map from the homogeneous model.

Figure 10 displays the results of the calculations and experiments for the specimen with a
degree of saturation of 50%. In this case, again, the map for the heterogeneous model (Figure

11c) is considerably more similar to the experimental data (Figure 11a) compared to the
12
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homogeneous model (Figure 11b). There is also a decrease in the amplitude of the reflection

signal from the steel rods. Figure 12 displays the GPR maps for a 100% saturation sample,

where the largest differences between the homogeneous (Figure 12b) and heterogeneous

models (Figure 12c) were revealed; these are due to the high water content in the pores of the

concrete. There is a significant drop in the amplitude of the wave reflection, which is

consistent with the experimental data (Figure 12a).

Then, the experimental and numerical maps were analysed in terms of the possibility of

detecting the notch in the investigated specimen. It was observed that in the sample containing

several reinforcing bars at different levels, the identification of the notch at the lower part of

the specimen was not unambiguously possible, regardless of the degree of saturation of

concrete.
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Figure 10. GPR maps for concrete specimen with 0% saturation degree: a) experimental results,

b) homogeneous model results, and c) heterogeneous model results
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Figure 12. GPR maps for concrete specimen with 100% saturation degree: a) experimental results,
b) homogeneous model results, and c) heterogeneous model results

4. GPR investigations on reinforced concrete bridge
4.1. Description of structure

The object of the investigations was a frame pedestrian bridge, a part of the Pomeranian
Metropolitan Railway station in Gdansk, Poland. A reinforced concrete slab with a thickness
of 50 cm and a width of 371 cm was monolithically connected to the columns. Figure 13
displays a view of the bridge during construction and a reinforcement drawing based on the
technical documentation. Dehydration was designed as linear sewage situated in the bridge
axis (Figure 14). The tested structure was chosen because it enabled conducting
measurements at two stages, representing different levels of concrete moisture.
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Figure 13. Reinforced concrete footbridge (Gdansk, Poland, 54°21°19.0”N 18°31°44.2”E):
a) general view and b) supporting cross section of bridge with reinforcement drawing

Figure 14. View on bridge deck: a) during construction (Survey #1) and b) two months later (Survey #2)
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4.2. GPR surveys

The bridge object was experimentally tested to analyse the influence of the water
contained in the concrete on the GPR results. GPR surveys were performed in two stages. The
first measurements were conducted during the construction of the bridge (Survey #1, Figure
14a) when the concrete moisture was at a high level. In fact, immediately before the tests,
significant precipitation occurred, increasing the degree of saturation. The second GPR
surveys were conducted two months later (Survey #2, Figure 14b) when the surface of the
pedestrian bridge was complete.

During the GPR inspections, radargrams were acquired along different longitudinal
profiles (Figure 15). The registered signals had a length of 32 ns, and the number of recorded

samples was 1024 with a step distance of 10 mm.

GPR antenna

Figure 15. Bridge deck during GPR measurements (Survey #2)

4.3. Identification of material properties

The material constants of the concrete were determined based on an estimation of the
propagation velocity of the electromagnetic wave. Owing to the lack of reflection from the
bottom of the reinforced concrete slab, the velocity of the wave was estimated using the
hyperbola fitting method. The procedure was conducted on two B-scans from the longitudinal
profiling, which were acquired on two different measurement dates. For each map, points on
the four hyperbolas were extracted. Next, the approximation process was applied using the
Levenberg—Marquardt method [41] and the model of diffraction hyperbola considering the
actual bar radius and distance between the transmitting and receiving antennas [9]. Figure 16
presents the GPR maps with marked extracted points and fitted hyperbolas. The velocity was
averaged from four hyperbolas. Its identified value was v = 10.8 cm/ns (for Survey #1) and
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v = 12,5 cm/ns (for Survey #2), which according to Eqg. (6), enabled calculation of the
permittivity values ¢, =7.72 and &, =5.76.

Distance [m]
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Figure 16. Experimental GPR maps with extracted points and approximated hyperbolas:
a) Survey #1 and b) Survey #2

4.4. Determination of substitute values of material properties for numerical modelling

The determination of the substitute values of the dielectric parameters was performed
assuming that for the tested bridge, the porosity of the concrete was 20% and volumetric
absorption was 10%. As mentioned in Section 2, such fixed assumptions could influence the
accuracy of the model. Based on the experimentally identified values of the dielectric
permittivity during the two GPR surveys, the modified CRIM was applied according to Eq.

(7). The material constants of the liquid and gas phases were assumed as known (&, =1,
&g, =79.1+18.6) and using the nonlinear curve fitting process (blue line in Figure 17), the
dielectric permittivity for the solid phase was identified as ¢, =5.46.

Next, the proposed numerical CRIM was applied according to Eq. (8) to calculate the
substitute values of the dielectric permittivity of the liquid and solid phases. The nonlinear

fitting process (magenta line in Figure 17) was conducted enabling the identification of the
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substitute permittivity of the water as ¢,, =39.86 and substitute permittivity of the solid

phase as ¢,, =5.46. The water conductivity was set as o =0.95 S/m according to Eq. (9).
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Figure 17. Relationship between effective permittivity and degree of saturation for tested bridge

4.5. FDTD modelling

Numerical analyses of the electromagnetic wave propagation were conducted for
longitudinal profiling and compared with the measurement data. A part of the bridge deck
with a length of 1.6 m was selected for the calculations (Figure 18). Four numerical models
were prepared. Two included the homogenous concrete model for Surveys #1 and #2. The

models modified the values of the dielectric permittivity (&, =7.72 for Survey #1 and
&, =5.76 for Survey #2). The other two FDTD models utilised the proposed heterogeneous
model of concrete. They were defined using the same material constants (¢, =1, ¢,, =39.86,
&n =5.46, and o =0.95 S/m), differing only in the water content in the concrete mix.

The FDTD calculations were conducted using gprMax software. An excitation was
applied as the Ricker function with a central frequency of 2 GHz. The distance between the
transmitting and receiving antenna was 6 cm. The 2-D model had external dimensions of 1.6
m x 0.6 m and was divided into Yee cells with a size of 0.5 mm. At the edges of the FDTD

model, perfectly matched layer (PML) absorbing boundary conditions were set up.
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Figure 18. Numerical models of part of reinforced concrete slab for longitudinal profile

4.6. Analysis of results

Figure 19 displays a comparison of the experimental and numerical B-scans acquired
along the longitudinal profile. It can be observed that the GPR maps with a fixed depth axis
for Surveys #1 and #2 differed in the time axis owing to the different values of the dielectric
permittivity of the concrete.

The results of the in situ surveys (Figure 19a) enabled the identification of the upper
reinforcing bars; however, the lower layer of bars, as well as the bottom of the deck, could not
be detected. The GPR maps calculated using the homogeneous model are displayed in (Figure
19b). Regular and strong diffraction hyperbolas indicating the upper and lower row of
reinforcing bars are visible. Moreover, a linear reflection at a depth of 0.5 is visible, indicating
the bottom of the deck.

Figure 19c presents the numerical GPR maps for the heterogeneous model with varying
degrees of saturation. The model with 80% saturation (Survey #1) revealed clear reflections
from the upper bars. However, because of the strong damping properties of the water, below
this layer of bars, the amplitude of the reflected signal significantly decreased. Conversely, on
the GPR map calculated for a model including a 40% saturation level (Survey #2), the
reflections from the bottom part of the bridge deck can be observed. Moreover, the concrete

area revealed many reflections, from individual concrete fractions, as in the experimental
GPR maps.
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Figure 19. GPR maps for tested bridge (1% column — Survey #1 and 2" column — Survey #2): a) experimental
results, b) homogeneous model results, and c) heterogeneous model results
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5. Conclusions

In this study, we demonstrated the importance of realistic FDTD modelling of concrete
for ground penetrating radar diagnostics of civil engineering structures with changing water
content. The following conclusions can be formulated:

1. The moisture contained in the tested concrete structure had a strong influence on the
results of the GPR surveys. High water content caused a significant decrease in the
radar wave velocity owing to the strong attenuation of the waves and influenced the
possibility of detecting reinforcing bars or potential damage to the concrete.

2. It was proven that changes in dielectric permittivity depending on the degree of
saturation should be described using the modified CRIM to consider the fact that not
all air pores contained in the concrete must be filled with water.

3. It was revealed that for proper FDTD simulations, determination of the substitute
material parameters is necessary, according to the proposed numerical CRIM.

4. The developed heterogeneous model of concrete could simulate in situ GPR signals
more accurately than the standard homogeneous model.

5. The model proposed in this paper is expected to be particularly useful in the inspection
of concrete structures with a changing level of saturation, or for monitoring concrete

maturity in structures during the early stages of hydration.
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