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1. Introduction

Each structure, depending on its use, must be designed and built to
meet the basic requirements for structures and other requirements
during its service life, i.e, conditions specified in the Building
Act and separate regulations [1]. Experience shows that many
concrete structures show a significant degree of deterioration
after only twenty to thirty years of use due to the interaction of
mechanical actions and environmental influences [2]. According to
the Technical Regulation for Engineering Structures [3], the owner
is responsible for the maintenance of the structure. Maintenance
includes an annual basic inspection, a main inspection every ten
years for buildings and every five years for bridges, towers and
other engineering structures, as well as additional inspections
governed by separate regulations for each type of structure. If
these inspections, and thus proper maintenance, are not carried
out systematically and proactively, the structures suffer from
premature and uncontrolled deterioration, which has a negative
impact on their safety and usability, as the earthquakes in Croatia
in 2020 clearly demonstrated.

The limited knowledge about the behaviour of damaged concrete
structures and the lack of systematic and reliable methods for
their estimation, maintenance, and repair contribute toanincrease
in the total life cycle costs of structures and lead to reduced
usability, functionality, and safety [4]. Accurate determination of
the causes of degradation requires comprehensive knowledge of
material and structural properties, degradation mechanisms, and
methods for detecting these mechanisms [5]and is a critical step
for successful repair of structures [6].

The first step in properly evaluating the condition of a structure
is to select an appropriate testing method. Many devices that
may be of interest in this regard are currently available on the
market. Their applicability depends on numerous factors, such as
the type of structure, the degree of deterioration, the exposure
class, and also the data needed to assess mechanical resistance
and structural stability. This information can be obtained initially
through visual inspection, but also through destructive and non-
destructive testing. The use of non-destructive testing (NDT) is
limited to certain cases in our practise, although its application
offers a number of advantages. For example, advances in the
development of NDT methods have enabled the visualisation of

results and the use of augmented reality [7], which in turn allows
engineers to view the interior of elements in real time and in space.
As for the application of NDT methods, protocols and criteria for
evaluating the behaviour of materials and structures based on the
corresponding results would still need to be developed.

In the condition assessment of reinforced concrete structures,
the basic step in performing investigation work is to locate the
reinforcement and determine the thickness of the concrete cover.
This is especially important for structures for which there is no
project documentation and whose reconstruction is the first step
in evaluating the existing condition. The devices used today for
this purpose, the so-called cover meters, usually work on the
principle of eddy currents. The price, speed of testing and simplicity
of analysis of the results make this method very popular among
civil engineers. However, like any other NDT method, it has some
limitations that affect the reliability of the results. This is especially
true for structures with a considerable thickness of concrete
cover, either in the form of final treatment by plaster or simply in
the form of concrete cover. The aim of this paper is to show the
possibility of using ground penetrating radar (GPR) for the same
purpose, in order to allow a more accurate reconstruction of the
project documentation. Therefore, the paper focuses on the basic
operating principles of both devices, with emphasis on the areas
of application, advantages and shortcomings, which are explained
with some practical examples.

2. Test methods and practical examples
2.1. Test methods

The amount and distribution of reinforcement, the thickness of
concrete cover, and the reconstruction of the geometry of the
structural elements presented in this article were determined
using the Profometer 650 Al cover meter from Proceq and the
StructureScan Mini XT ground penetrating radar (f = 2.7 GHz)
from GSSI and Proceq GP 8000 (f = 0.2 - 4 GHz) (Figure 1). The
measurement range of the cover meter is up to 8 cm, while the
maximum signal penetration depth of the StructureScan Mini
XT and Proceq GP 8000 ground radars is 60 cm and 80 cm,
respectively. The analysis of the results collected with the GPR
was performed using the GSSI Radan 7 software.

Figure 1. Testing devices: a) Profometer 650 Al, b) GPR StructureScan Mini XT, c) GPR GP 8000
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2.1.1. Operating principle of cover meter

A cover meter is a device used to locate reinforcement in concrete.
The principle of operation of a cover meter is shown in the following
figure (Figure 2). Alternating current is induced in the coil, which
generates an alternating magnetic field. The presence of reinforcing
steelin the alternating magnetic field leads to the occurrence of eddy
currents, which also form a magnetic field. This leads to a change in
coilimpedance, which serves as a basis for determining the thickness
of the concrete cover and the diameter of the reinforcement [8].

Magnetic
field

Concrete

/

s Reinforcement

Figure 2. Operating principle of cover meter

Inspection is performed by dragging the device along the line,
which detects only the bars that are perpendicular to the drag line.
Therefore, in most cases, inspection involves multiple line checks
in two directions forming a network. Measurement accuracy is
limited when reinforcement intersects with installed grids, anchors
and other metals, when aggregates with magnetic properties are
present in the concrete and when the concrete cover is thicker.

2.1.2. Operating principle of GPR

The operation of the GPR is based on the emission of
electromagnetic waves into the material so that the position of
objects located below the surface can be determined. In most
cases, the GPR consists of a transmitting antenna (transmitter)
that emits electromagnetic waves that are reflected back when
they hit an object. The reflected wave is registered by the receiving
antenna (receiver) (Figure 3a). The recording of the registered
wave is called an A-scan (Figure 3b). The travel time of the wave
is recorded on one axis, and the energy of the reflected wave is
recorded on the other axis.

In GPR testing, scanning is performed along a defined line. During
this scanning, waves are continuously transmitted into the material,
and the reflected waves are registered by the receiving antenna.
The two-dimensional reconstruction of the waves reflected along

the depth following a defined line results in a radargram or B-scan.
The horizontal axis indicates the GPR position in the area of interest,
while the vertical axis indicates the two-way travel time (TWT)
or depth (Figure 4). The radiated energy is approximately cone-
shaped [9], so the waves are reflected before the device is directly
over the object. The waves then have a slightly longer travel time
to the receiver, so cylindrical objects, such as rebar, form a typical
hyperbolic shape on the radargram when scanned perpendicular
to their direction. The radargram is usually displayed in black and
white, and the intensity is defined by the amplitude of the reflected
wave. In the most common radargram types, the highest positive
value of the amplitude corresponds to the areas displayed in white
colour, while the highest negative value corresponds to the areas
displayed in black colour.

Position

sy

Figure 4. Establishment of a radargram (right side) through
association of A-scans

An object is any obstacle whose dielectric properties differ from
those of the surrounding material. The amount of reflected
energy can be estimated by calculating the reflection coefficient
R, as shown in the following expression [10]:

o .

where ¢, and ¢, are the relative dielectric constants of the
surrounding material and the material of the object. This means
that part of the energy is reflected, while the remaining energy
penetrates into deeper layers. The relative dielectric constants
for materials of interest for estimating the state of structures

a) b)

Transmitter = Receiver

4

are listed in the following table (Table 1).
The polarity of the amplitude and the
strength of the reflection depend on the
Amplitude ratio of the dielectric constants: The greater

Voo

Object

Wl
ﬂ Reflected
: wave

> the difference between these values of
g two materials, the greater the strength of
£ ) the reflection. Concrete and dry sand have
similar dielectric constants and therefore

the reflection between these two materials

awil

Figure 3. a) GPR system, b) A-scan

would be weak. On the other hand, a pipe
filled with water in concrete would produce
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astrong positive reflection because the dielectric constant of water is
high compared to the constant of concrete. In addition, the contact of
concrete with air produces a highly visible negative reflection. In the
case of a metal, the dielectric constant is not numerically defined, but
it is assumed that this material reflects all electromagnetic energy.
Metallic objects, such as rebars, can be recognised by their strong
hyperbolic reflections with a positive sign.

Table 1. Relative dielectric constants of materials [11, 12]

Material Relative dielectric constant ¢ [-]
Air 1
Pure water 81
Dry concrete 4-10
Moist concrete 10-20
Wood 2-6
Dry sand 2-6
Dry clay 2-6
Dry soil 4-10
Moist soil 10-30

Some of the signal energy is dissipated during propagation of
electromagnetic waves through the material. The attenuation of
the signal depends on the nature of the material through which
the wave moves. If the material is moist and there are salts in
the pores, the conductivity increases and the signal loss is greater
than in a dry material without salt. Under such conditions, the
efficiency of GPR tests is questionable because much of the
energy is lost as the signal passes through the material.

Inaddition to the described efficiency of signal penetration, which
depends on the nature of the material through which the signal
propagates, the efficiency also depends on the central frequency
of the GPR antenna. These two phenomena are interrelated,
so that the possibility of signal penetration decreases with an
increase in frequency and vice versa. However, the resolution
of the reflection of the investigated area improves with an
increase in frequency. Frequency-dependent resolution has two
components, vertical and horizontal [13]. Vertical resolution
defines the ability to detect two closely spaced objects as two
separate occurrences at depth, while horizontal resolution
defines the detection of two objects at the same depth in the
GPR test direction. Although radar frequencies from 500 MHz
to 2.5 GHz are used for condition assessment of reinforced
concrete structures [14], the characteristics of the device differ
significantly in this range. Roughly speaking, the size of an
object must be at least 10 % of the wavelength to be detected
by GPR, while the distance between two adjacent objects in the
GPR test direction must be at least one wavelength for them
to be detected as two separate events [15]. This means that
GPR with the central signal frequency of 500 MHz would not
detect rebars less than 20 mm in diameter in concrete, nor two
separate objects if they are less than 20 cm apart. On the other

hand, GPR with a frequency of 2.5 GHz would not detect the
rebars with a diameter of less than 4 mm that are less than 4
cm apart.

The presence of moisture reduces the wave propagation
velocity. The velocity of wave propagation can be estimated as
follows [16]:

Cair

2
N @

V=

where c_ is the velocity of wave propagation through air (300
mm/ns). If the wave propagation velocity and the wave travel
time from the transmitter to the object and then back to
the receiver (t) are known, the depth of an object (d) can be
estimated according to Equation (3).
t

d=v- 7 (3)
The wave propagation time is measured by GPR, which means
that the accuracy of object depth estimation depends on the
estimated velocity of wave propagation. The wave propagation
velocity can be estimated according to Equation (2) and based
on the dielectric constants (Table 1). This is the least accurate
method of determining the velocity. Another option is to
calculate the velocity according to equation (3) when the depth
of the object is known. Another way to estimate the wave
propagation velocity is to base this estimate on the hyperbolic
reflections in the radargram.

2.2. Case studies

Atotal of nine case studies are presented, tested on a total of five
structures. They range from the simplest example of locating
reinforcement in reinforced concrete columns to reconstructing
afloor structure using a completely non-destructive method. As
part of the project to reconstruct buildings after the earthquake
that struck Croatia in March and December 2020 [17-19], two
structures were tested to determine the type and amount of
reinforcement and to estimate the structural capacity. Since the
project documentation was available for these structures, it was
necessary to confirm the data from the project documentation
by verification, i.e., to determine if there were any discrepancies.
For the second two structures, the project documentation was
not available and the structural capacity had to be determined
because the purpose and use of these structures had to be
changed. The last structure was tested as part of the renovation
of a historic building. All examples presented in this paper were
selected on the territory of the Republic of Croatia in 2021.
Testing positions were selected with great care considering that
uncertainties in the interpretation of results may frequently
occur when testing is conducted by non-destructive methods.
The measuring points on structural elements were selected in
such a way to enable access to elements from several sides.
This is important in cases when additional testing of an element
is needed due to ambiguity of results.
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Table 2. Overview and designation of radargrams

Tested element Radargram positions and designations Antenna frequency
Column 2.7 GHz
Wall 2.7 GHz
Monolithic reinforced concrete slab 2.7 GHz
Ribbed floor structure 2.7 GHz
Massive vaulted floor structure 0.2 -4GHz
Wooden floor structure 0.2 -4GHz

GRABEVINAR 73 (2021) 11,1131-1144 1135
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Radargram designations and directions, as well as antenna
frequencies corresponding to GPRs by which the radargram was
obtained, are presented in Table 2. Examples used in this paper
involve non-destructive testing of columns, wall, monolithic
reinforced concrete slab, ribbed floor structures, massive vault
structure, and wooden floor structure.

3. Test results

3.1. Localisation of reinforcement by non-destructive
methods

Figure 5 shows the procedure for determining the location of
reinforcement in the column using radargrams. Radargrams 1
and 3 were used to determine the location of the stirrups in the
column, while the longitudinal reinforcement was determined
using radargrams 2 and 4. The peaks of the hyperbola clearly
define the position of the rebars, while the distance between
the peaks represents the spacing between each rebar. The test
was also performed with a cover meter and the results obtained
were in complete agreement with the GPR results.

x5 | 5 |

5 ) 5 | s | 5 | » |

5 | 5 |0

0] 5 | 5

I
|
|
I
L 20 |, 257 25

Py 0 s
50

Section A-A = -

Figure 5. Determination of column reinforcement arrangement (all
four sides)

The column presented represents the case where a simple
analysis is sufficient to determine the proper arrangement of
reinforcement. However, this is not always the case for columns
in typical reinforced concrete structures. A greater thickness
of plaster can be a limiting factor in locating reinforcement
with the cover meter. Such examples are often found in older
buildings where the plaster may be as thick as 5 cm. Such an
exampleis shown in Figure 6. The average distance between the
reinforcement and the surface was about 7 cm (3.5 cm for the

plaster and 3.5 cm for the concrete cover), so the reinforcement
could not be detected with the cover meter and localization was
only possible with GPR.

10

30

30

Section A-A

Figure 6. Determination of column reinforcement arrangement from
one side only

The determination of reinforcement overlap, which is a
challenge for both devices, is shown in the following example.
The cover meter cannot visualise this phenomenon, that is,
it could suspect its presence based on the estimate of the
reinforcement diameter, as in our case. In the case of the wall
shown in Figure 7, the diameter of 40 mm was determined by
the cover meter.

U

Figure 7. Opening concrete cover to confirm bar overlap

On the other hand, the GPR resolution is usually not sufficient to
detect overlaps as two separate bars. In some cases, however,
they can be detected as double-shifted hyperbolas, as was the
case with the tested wall (Figure 7). This phenomenon does not
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always occur with overlaps and depends on the bar diameter
and the position of the bar in the overlap. If it is clearly visible,
it may indicate its existence, but sometimes it can be subtle
b e Na:\:-,::AJ_“;::: and overlooked by an inexperienced inspector. Since the bar
diameter determined by the cover meter was not up to standard
for this type of structural element and double hyperbolas were
visible on the radargram, the surface was destructively opened
at this point. This opening of the concrete surface resulted in an

overlap of 22 mm diameter bars with a 25 mm diameter bar.
Figure 8. Determination of reinforcement distribution at a monolithic ~ The presence of two layers of reinforcement may also be a
reinforced concrete slab limiting factor in the appropriate positioning of reinforcement
by the cover meter. The following
Section A-A example illustrates how an unsystematic
1= I approach to analysis can lead to
- erroneous conclusions. Testing of a
monolithic reinforced concrete slab at
a single measurement point revealed
the presence of a single layer of
reinforcement with a greater thickness
of concrete cover (about 9 cm), Figure
8. Again, the cover meter could not find
reinforcement because the concrete
T cover was outside the measurement
range, and so it was located with the

GPR.

However, when the same structure
Longitudinal was tested a few meters away from
relnfarGement the previously measured point, the
radargrams obtained in the same way as
in the previous case showed a different
arrangement of the reinforcement,
Figure 9. In this case, the reinforcement

15,15, 15,20 15 15 15

: 15 05,05 05 15 35 15

1

15

15

v
1

%
10 ¥ 10 , 10 » 0 , 10

15

/],m/rm/rw{

1
D)

/15/\(154/15}15}15/

Overlay
reinforcement

Figure 9. Position of overlay reinforcement and main reinforcement of the floor slab was successfully located with the cover
. meter. However, after checking the

All || +A radargrams, it was found that there is a

B _k = new layer of reinforcement with a much

o lower concrete cover (cnom,sr=4.43 cm)

1 than the previously measured point, and
this layer is actually registered by the
cover meter. The second reinforcement
layer is located at an even greater depth
than in the previous case. After the
radargram analysis, it was determined
that the first layer of reinforcement
I is most likely the reinforcement of
an overlay that is present in some
locations of the structure and is
reinforced with a smaller diameter and

100

26

30

Section A-A
spacing reinforcement. The second
M reinforcement layer corresponds to the
7,1 |7 longitudinal reinforcement of the slab
— and the spacing between bars of this
Figure 10. Radargram 12 (left), wire lath (centre) and reinforcement arrangement (right) reinforcement layer coincides with the

spacing determined in the previous case.
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This example shows an obvious advantage of using GPR
instead of a cover meter. This advantage stems from the
principle of operation of the GPR, which allows scanning and
visual inspection of the “discovered” area. An interpretation
based solely on the use of the cover meter would likely lead to
incorrect conclusions. The first layer of reinforcement, i.e., the
only layer detected by the cover meter, would likely be defined
as longitudinal reinforcement, thus underestimating the
effective depth of the slab.

However, there are also cases where the GPR method is
not appropriate for locating reinforcement. Figure 10, left,
shows the radargram obtained when testing a column of a
reinforced concrete structure on which no hyperbolic reflections
(indications of the presence of reinforcement) are visible. After
opening the column at this exact location, it was found that
there was a wire lath under the cover, Figure 10, centre, which
was part of the final treatment of this column. The wire lath was
observed at a distance of 1.5 cm from the surface of the column.
Itis assumed that the tightly laid wires completely reflected the
electromagnetic waves, preventing the energy from reaching
the reinforcement of this column. In this narrow space, the
signal is "trapped” between the surface and the wire lath, so
that several successive reflections from this surface can be
realized in a short time. The reflected waves can be registered
by the receiving antenna and are seen on the radargram in the
form of approximately equal reflections at approximately equal
intervals along the depth. This phenomenon is called “ringing”
[20].

In this case, the distribution of the reinforcement was
determined with the cover meter. Due to the large diameter of
the reinforcement of this column, it was possible to determine
the distribution of the reinforcement without having to open the
concrete cover, although the wire lath was present.

3.2. Determining cover thickness by non-destructive
methods

In this section, the results of the cover meter are compared with
those of the GPR.

In the case of the cover meter, it was not necessary to specify
initial parameters, while in the case of the GPR, the results
depend mainly on the dielectric constant. In all four cases shown
in Table 3, the dielectric constant was determined based on the
known depth of the structure. First, the inspection was performed
using the GPR and cover meter, then the structure was opened
and the actual thickness of the concrete cover was measured.
The dielectric constants were then determined using equations
(2) and (3). The estimated values of the dielectric constants are:
column - er, =6.7, wall - er = 6.5, and slab - er = 7.5. The dielectric
constant determined in this way represents the value that
applies locally and to the tested part of the structure. Taking into
account the types of structures and the exposure of each part of
the structure to environmental influences, constant values of the
dielectric constant were assumed for the whole structure.

The first case in which the results were compared concerns a
reinforced concrete column (Example 1). This comparison shows
a very good agreement between the results obtained with the
two instruments. The difference in the average cover thickness
is only 2.5 mm. These results are quite expected since the cover
thicknesses are within the safe measurement range of both
instruments (15 - 48 mm), the spacing between rebars is 20-
25 cm for stirrups and 20 cm for longitudinal reinforcement,
and there are no other metal structures in the vicinity. These
conditions are ideal for both devices, so that the test results can
be clearly interpreted.

The specifications of the cover meter state that the measurement
range of the concrete cover thickness is up to 8 cm. For this
reason, a wall was tested (Example 2) where all cover thicknesses
at the measurement point (between 64 and 86 mm) were
initially known. Deviations in the cover meter measurements
can already be observed at cover thicknesses of 64 to 69 mm,
with deviations sometimes reaching 20 mm. At the same time,
the GPR shows stable results without deviations from the actual
cover thicknesses.

The last example was analysed for the case of a monolithic
reinforced concrete slab presented in the previous section
(Examples 3 and 4). As mentioned before, the cover meter
detected areinforcement layer, which is assumed to be an overlay.
The difference between the measurements of the two devices is
more obvious compared to the previous case. The thickness of
the concrete cover measured by the cover meter is greater than
the data provided by the GPR. It is suspected that in this case
the second layer of reinforcement (longitudinal reinforcement)
influenced the results of the cover meter and that some of the
values displayed are larger than those of the actual concrete
cover because the cover meter provides thicknesses that are
between the cover thicknesses of the overlay reinforcement
and the longitudinal reinforcement. This resulted in a larger
standard deviation (x20.8 mm). On the other hand, the GPR
provides data that is fairly consistent. This can also be observed
for the longitudinal reinforcement of the slab, where the average
thickness of the concrete cover is very large, 156.5 mm (Example
4). Considering that the reinforcement is at great depth and the
signal is not as clear as for shallower reinforcement layers, the
concrete cover thicknesses are consistent.

3.3. Additional possibilities of Ground Penetrating
Radar (GPR)

An unavoidable advantage of the GPRs is that this device allows
estimation of the geometry of the studied structure based on
radargrams. This section describes an approach to the analysis
of radargrams obtained during the testing of floor structures.
The aim of the tests is to estimate the geometry of the structural
elements and to determine the positions of these elements. In
addition, itis possible to determine the presence and dimensions
of other structural elements, such as floor layers, and to locate
voids and other similar defects. The analysis is based on the
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Table 3. Comparison of cover meter and GPR results in the determination of concrete cover
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observation of the shapes of the reflections and the polarities
of the amplitude of the reflected waves.

Floor layers

Siab of aribbed floar structure-.

Figure 11. GPR reconstruction of ribbed floor structure based on
radargram 13
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Reinforcement in the slab
of a ribbed floor structure

Figure 13. Determination of the presence of reinforcement in the slab
of the ribbed floor structure

Four types of floor structures are presented: ribbed floor structure
with concrete arch vault, ribbed floor structure, massive floor
structure and wooden floor structure.

The first linear reflection on the radargrams of the floor structure
mainly corresponds to the end of the floor layers and the beginning
of the concrete slab. For such element types, where several
different material types are present, one should be very careful

Fastening plank

when analysing the dimensions along the depth. A more accurate
analysis of depth requires the selection of specific dielectric
constants for each material if there is a significant difference
between them. A typical feature of ribbed floor structures is
repeatable negative reflections (concrete-air) corresponding to the
bottom edges of the slab, where the axial spacing is equal to the
spacing between the ribs. The following figures show examples
of ribbed structures with curved (Figure 11) and flat (Figure 12)
bottom edges of the slab.

When testing this type of elements, the presence and position
of some structures/objects cannot be clearly determined due to
a large number of dense reflections. For example, in the previous
case with the vaulted edge of the slab, it was difficult to determine
the position of the reinforcement in the slab because the waves
were reflected from the bottom edge of the slab. In such cases,
as mentioned before, the same type of radargram is made at
several measurement positions so that
more reliable conclusions can be drawn.
One of them can be seen in Figure 13,
where hyperbolic marks over the positions
corresponding to the rib positions confirm
the presence of reinforcement in the slab.
Similarly, the presence of distribution steel
in the slab was confirmed by testing in
the direction parallel to the spread of the
ribs from the top of the floor structure.
However, the spacing of this distribution
steel differed from that indicated in the
project documentation. In this case, the
extended testing required testing of the
slab from below as well as testing of
the ribs. Based on the results of these
extended tests, conclusions were finally drawn about the location
and arrangement of the reinforcement.

Negative reflections of irregular shape occurring on radargrams
may indicate the presence of voids, irregularities, segregation, etc.
One such occurrence is highlighted in yellow in Figure 12, where
black reflections can be seen above the reinforcement in the rib.
In this case, they are believed to indicate significant segregation
where the fastening plank is connected to the rest of the structure.
Be that as it may, the depth of the objects studied here is about
45 ¢m, and in such cases the analysis of the results becomes
quite difficult. At such depths, significant signal loss occurs, and
the appearance of noise can overlay the reflections of the objects.
In these cases, additional processing of the signals can partially
improve the quality of the analysis.

In the following case, the second-floor ceiling is a massive vaulted
floor structure, with the vaults located between the walls of the
basement. The ceiling of the second floor isawooden floor structure
with wooden beams in one direction. Using the radargram made
perpendicular to the direction of propagation of the vaults, the span
of the vaults and their height and thickness were estimated, as
shown in Figure 14. It is assumed that the thicknesses of the floor
layers correspond to the floors of masonry buildings constructed at
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4, Discussion

Based on the results presented in this
paper, appropriate conclusions were
drawn regarding the advantages and

Dropped ceiling

Figure 14. GRP-based estimation of span, height of vaults, and presence of dropped ceiling

the time of the construction of the studied building, as indicated in
[21]. This radargram shows negative reflections corresponding to
waves reflected from the bottom edge of the vault. It is assumed
that the dielectric constants of sand and bricks are similar and that,
according to equation (1), most of the energy is transferred during
the transition from one material to the other. For this reason, no
reflection can be observed at this point in radargram, but only the
lower reflection, which corresponds to the joint reflection between
brick, plaster and air.

8 | 8 | 8 80 80 80 | 8 80 80 | &

Figure 15. Determining distance between wooden joists.

In addition to estimating the span and height of vaults, it is also
possible to determine the presence of dropped ceilings and
estimate their height. The first reflection at the lower edge of the
vault (brick, paster - air) has a negative sign. However, the next
reflection at the top edge of the dropped ceiling (air - dropped
ceiling) has a positive sign. It is assumed that the resolution is not
sufficient to detect the thickness of the dropped ceiling, so only the
first reflected amplitude (air - dropped ceiling) is registered.

When testing wooden floors, a large number of waves reflected in
the upper zone (floor layers, top edge of the slab) does not allow
clear identification of the beam geometry. For this reason, the
distances of beams from wooden floors were determined using
an indirect method based on the interaxial distance of reflections
from the bottom edge. It should be noted that when testing wood
structures whose dielectric constant of the material is close to
the constant of air (er=~2), the test can be improved by wetting
the wood to increase the difference in dielectric constants of the
materials and thus the strength of the reflection between wood
and air.

disadvantages of the studied non-
destructive methods (Table 4).

Both devices are most suitable for locating
longitudinal reinforcement in slabs and
for identifying stirrups in beams/columns.
Because the maximum penetration depth
of the GPR is several times greater than
that of the cover meter, the GPR (unlike the
cover meter) can locate reinforcement with
concrete cover greater than 8 cm. Another
difference between the two methods is that the GPR can determine
the location of multiple reinforcement layers in the cross-section.
The cover meter, on the other hand, recognizes two closely spaced
layers as a single layer and is not able to distinguish signals,
which often proves to be a problem with thin-walled reinforced
concrete elements (d < 15 cm). However, the presence of a dense
reinforcement mesh in the surface layer, such as a wire lath, can
completely prevent further penetration of GPR electromagnetic
waves into the cross-section. In such a case, the metal objects near
the surface provide a barrier to the passage of the electromagnetic
energy and the reinforcement becomes invisible to the GPR. If the
reinforcement must be located in the area of the bearings and
joints, where the reinforcement is densest, the results must be
interpreted with great caution.

The thickness of the concrete cover has a great influence on
the accuracy of the measurement results and is related to the
minimum diameter of the reinforcement. The measurement
accuracy decreases significantly with increasing concrete cover,
but also with the presence of other magnetic materials near the
tested zone [22]. The reinforcement diameter can be estimated
with the cover meter for cover thicknesses of < 4 cm with an error
probability of less than 10 % [22]. For today’s modern structures,
where the cover thickness corresponds to EC2, the error probability
increases considerably and even reaches 100 % for c > 7 cm.

GPR devices that can estimate the diameter of reinforcing bars
are not yet available on the market. However, research is being
conducted to develop different algorithms to estimate the
diameter. For example, the diameter of the first layer of rebar can
be estimated approximately from the difference between the depth
of the rebar in two directions measured by the GPR device. This is
a very simple and fast procedure, but it provides only approximate
information, and only for the first layer of reinforcement. On the
other hand, advanced radargram analyses allow a more accurate
determination of the diameter. The algorithms presented in
the current literature are mainly based on the determination of
the hyperbolic reflection parameters, on the basis of which the
reinforcement diameter can be determined [23-25]. In general,
the accuracy of the diameter determination is very sensitive to
the presence of noise and other factors affecting the clarity of
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Table 4. Application of cover meter and ground-coupled GPR (f > 2GHz)

Cover meter GPR

Requested information Description of the situation

Localisation of the first layer of reinforcement with concrete cover of < 8 cm

Localisation of the first layer of reinforcement with concrete cover of > 8 cm

Localisation of

Localisation of the second layer of reinforcement

reinforcement

Localisation of reinforcement in the presence of wire lath

Estimation of diameter

Reinforcement overlap

Concrete cover of first layer of reinforcement up to 6 cm

Concrete cover of first layer of reinforcement from 6 to 8 cm

Determination of
concrete cover

Concrete cover of first layer of reinforcement above 8 cm

M Not possible

thickness Cover thickness for the first layer of reinforcement in structures with two
layers of reinforcement
Cover thickness for the second layer of reinforcement
Geometry of structural elements
Other Probability of corrosion
Voids, delamination, pipes, prestressing cables, etc.
Legend:
M possible

M Possible, but results are unreliable or require more advanced analysis

the hyperbolas [23]. Moreover, each of these algorithms requires
advanced analysis of the signals, which is the main reason why
they have not been used in practice so far. Reinforcement overlap
cannot be reliably determined by any of the considered methods,
since they rely on the analysis of indirect events that are not
originally measured by the devices.

For structures with a single reinforcement layer, with concrete
cover thicknesses up to 6 cm, and with reinforcement spacing
greater than 10 cm, both cover meter and GPR are convenient
for determining concrete cover thickness. If the concrete cover
thickness varies between 60 and 80 mm, the measuring
accuracy of the cover meter decreases and beyond this value,
the measurement with this device becomes impossible. In
structures with two layers of reinforcement, the GPR can
be used to determine the concrete cover for both layers of
reinforcement, while the cover meter can only do this for the first
layer and with considerable inaccuracy. It is important to note
that the accuracies analysed in this study are only applicable
in determining the concrete cover if the dielectric constant has
been properly determined. In this work, the dielectric constant
was determined locally and assumed to be constant for the
entire structure. However, if individual parts of the structure
are exposed to different environmental conditions, this method
would not be sufficiently accurate. Indeed, it is quite possible
that some parts are subjected to greater chloride or moisture
exposure, which would change the dielectric properties of the
material and thus the constant. If this is the case, the dielectric

constants must be determined in situ and calibration performed
separately for each part of the structure.

This paper does not cover all the possibilities of ground penetrating
radar. In addition to locating reinforcement and determining
concrete cover thickness, these devices can also be used to
obtain information on the geometry of structural elements [26],
the corrosion of reinforcement [27], and the location of voids,
delamination, prestressing cables, and pipes [28]. The geometry
of structural elements is determined by observing the shape of
the reflection of objects and their polarity. Again, the dielectric
constant plays an important role in determining the exact location
of detected objects. This analysis can be of great importance in
floor structures. Taking into account the thickness of the plaster
and the thickness of the structural elements, the depth of the
investigated objects is very often at the upper limit of the signal
penetration depth (about 60 cm). Due to the loss of energy during
the penetration of materials, the energy returned after reflection
from very deep objects is small in most cases. The amplitude loss
can be recovered by subsequent amplification of the signals, but
this is usually accompanied by the appearance of noise, which
makes interpretation of the results much more difficult. In any
case, one should be very careful with results that do not provide
a clear determination of the position and shape of objects. It is
recommended that such discrepancies be resolved by testing
with other methods or by opening the structure. The evaluation
of corrosion is based mainly on the observation of the change
in amplitude of waves reflected from corroded bars [29] and on
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the change in the wave frequency spectrum [30]. The causes of
corrosion, i.e.,, moisture and chlorides, and the consequences of
corrosion, i.e., rust and cracks, lead to attenuation of signals, so
the analysis of corrosion aims to find the area where significant
loss of electromagnetic energy has occurred. In order to draw a
plausible conclusion that attenuation has occurred, information on
the amplitude of a sound concrete and uncorroded bars is essential
[31], or attenuation should be demonstrated by the change in the
signal through successive measurements over a period of time
[32]. In this type of analysis, special attention must be paid to the
use of signal processing to preserve the originality of the reflected
waves, since their strength is the starting point of the analysis.
Ground penetrating radar can also be used to locate major damage,
which can be seen in the form of larger cracks, delamination, and
weakening of the cross section.

5. Conclusion

The paper presents the advantages and disadvantages of
cover meter and ground penetrating radar (GPR) devices in
determining the location of reinforcement and the thickness of
concrete cover. The two devices are compared using nine case
studies. The use of GPR for non-destructive reconstruction of
the geometry of floor structures is also presented. The use of
these two methods is of exceptional importance in estimating
the condition of existing structures in cases where project
documentation is not available.

It has been noted that in some cases, such as a thick concrete
slab with two layers of reinforcement, there may be difficulties
in making measurements with cover meter. The difficulties
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