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The sensitivity of the high-frequency ground penetrating radar (GPR) signal to changes within the reinforced
concrete (RC) makes it a valuable tool for corrosion assessment of RC structures. The most important parameters
in chloride-induced corrosion are moisture content, chloride content, and reinforcement diameter loss. The
objective of this laboratory study was to investigate and quantify the influence of these parameters on the GPR
signal. Of particular interest was to determine which of the observed parameters the GPR is most sensitive to.
Furthermore, particular emphasis was placed on understanding the influence of corrosion products, which has
not met the consensus in the existing literature. The parameters were studied on a total of forty-two specimens

where the reflector of the GPR waves was the reinforcement embedded in the concrete specimen. Based on the
experimental data, values of normalized amplitude related to the evaluation of corrosion by GPR were proposed.

1. Introduction

During the initiation phase of chloride-induced corrosion, the main
parameters to consider in the inspection of reinforced concrete (RC)
structures are moisture and chloride content within the concrete, while
in the propagation phase it is a loss of reinforcement cross-section.
Unfortunately, in most cases, the parameter that triggers the need for
a detailed assessment of RC structures is a visible sign of corrosion on the
surface of the structure, e.g., cracks, rust stains, concrete spalling etc.
The main reasons for reluctance to perform a detailed assessment in the
early stages of corrosion are the duration of the inspection, its
complexity and finally the cost. However, the consequences of corrosion
[1-5] remind us forcefully on the need of detailed assessment of rein-
forced concrete structures as part of proactive, rather than reactive
infrastructure asset management.

The step towards more efficient maintenance of the RC structures
could be the repeated inspection using non-destructive testing (NDT)
[6-9]. The main advantages of NDT are more frequent inspection of
large areas and shorter inspection time while being completely non-
invasive. In recent decades, ground penetrating radar (GPR) has
gained importance as a valuable non-destructive testing method in the
inspection of structures [10-16]. The analysis of characteristics of
electromagnetic waves emitted by the GPR and reflected due to changes
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in the interior structure of an element under inspection is of core interest
[17,18]. In addition to the wide application of GPR in civil engineering
to reconstruct the invisible interior of structural elements [12,19-21],
the evaluation of reinforcement corrosion by GPR is of particular in-
terest, but also presents a significant challenge [11,22-27]. Most pa-
rameters affecting corrosion of reinforcement in concrete have been
previously studied with GPR: moisture content [28-31], chloride con-
tent [31-35] and reinforcement corrosion [23,36-40]. While it would be
remarkable that one technique could detect all the important parameters
affecting the corrosion process, the analysis is more complicated because
more than one influential parameter is involved and usually only one
outcome parameter is measured, namely the strength of the reflected
signal [41-43]. Table 1 gives an overview of laboratory studies on the
influence of moisture, chlorides, and corrosion on the GPR signal.
Regarding the reflector, it can be seen from Table 1 that the studies
that focused on the moisture/chloride content aimed to show the rela-
tionship between the parameters of the concrete and the parameter of
the GPR, independently of the corrosion of the rebar. For the corrosion
initiation phase, the concrete parameters can be considered independent
of the rebar corrosion, but for the corrosion propagation phase, the in-
fluence of the corrosion products must be considered. In addition, the
effect of corrosion products on the amplitude change is ambiguous and
no consensus has yet been reached on whether the corrosion products
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attenuate or amplify the GPR signal [24,37,38,45,46]. Some of the
possible reasons for this ambiguity could be that the laboratory exper-
iments unintentionally created an environment in which the amplitude
change was additionally altered by other factors such as moisture and
chloride fluctuations [11,48], or that the amplitude change did not
depend on the corrosion products because the spread of the corrosion
products was not appropriate [22].

The main objective of this study is to investigate and quantify the
influence of all the main parameters involved in chloride-induced
corrosion of reinforcement in concrete: moisture, chlorides, and corro-
sion products, on the amplitude of GPR signal. The parameters were
investigated on a total of forty-two reinforced concrete specimens,
where the GPR signal reflector was the reinforcement. The experimental
setup for laboratory-induced corrosion was carefully selected to ensure
that the corrosion pattern was suitable for investigation by GPR. The
comparison of the influence of the observed parameters has been sum-
marised, and recommendations are given for the amplitude values
stemming from the corrosion evaluation of RC structures by GPR.

2. Materials and methods
2.1. Materials and specimen preparation

The concrete specimens were prepared using cement CEM I 42.5 R
cement, river aggregate (0/4 mm, 4/8 mm, and 8/16 mm), and potable
water. The cement content was 300 kg/m3, and the water-to-cement
ratio was 0.6.

The investigations were performed on concrete specimens 300 mm
x 200 mm x 90 mm with a reinforcing bar (20 mm diameter and 300
mm length) and a concrete cover of 50 mm, Fig. 1. The part of the
reinforcing bar that was outside the specimen was coated with epoxy
resin. The geometry of the specimens was designed to simulate the cut-
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Fig. 1. Specimen design (dimensions in millimetres).

outs of the reinforced concrete elements, but at the same time to be
suitable for testing with GPR. All dimensions were chosen to eliminate
the overlapping of signals from two adjacent reflectors, considering the
performance of the device and the principles of signal propagation.

A total of forty-two specimens were cast. They were divided into
three groups of specimens: 1) group to observe the influence of moisture,
2) group to observe the influence of chlorides, and 3) group to observe
the influence of corrosion products on the GPR signal.

Table 1
Review of laboratory studies on the effects of moisture content, chloride content and reinforcement corrosion on GPR signal.
Property Trend of amplitude Equation Function Reflector Depth Reference
change [cm]
Moisture content | n/a n/a Slab 7 Laurens et al. [28]
bottom
| A = Ay/Aqir A =-0.044 w + 0.959 Slab 8 Sbartai et al. [30]
bottom
| A = Ay/Aye A =-0.063w + 0.9 Slab 12 Klysz et al. [29]
bottom
| n/a n/a Slab 8 Hugenschmidt et al.
bottom [32]
1 A= (20/D) log (Ai/ A =-12.695w-11.51 Slab 7 Senin et al. [31]
Ac) bottom
1 A=201log (Apw/A) A =1.859 w®-34.259 w? + 212.395w -  Rebar 8 Kaplanvural et al. [44]
405.836
Chloride content 1 n/a n/a Slab 8 Sbartai et al. [33]
bottom
1 n/a n/a Slab 8 Hugenschmidt et al.
bottom [32]
1 A= (20/D) log (Ai/ A =-6.867 x —123.91 Slab 7 Senin et al. [31]
Ac) bottom
Reinforcement 1 n/a n/a Rebar 1.9 and Hubbard et al. [45]
corrosion 3.8
1 n/a n/a Rebar 7 Zaki et al. [46]
1 n/a n/a Rebar 2.5 and Lai et al. [24]
7.5
1 n/a n/a Rebar 7 Hong et al. [23]
T n/a n/a Rebar 6 Wong et al [38]
1 n/a n/a Rebar 8 and 7 Sossa et al. [37]
1 n/a n/a Rebar 3 Liu et al. [47]
1 n/a n/a Rebar 5 Tesic et al. [22]

Note: A; — amplitude of reflected wave, A,;, — amplitude of wave recorded in air, Ac — amplitude on control specimen, D — specimen height, Apy — amplitude of direct
wave, w — volumetric water content (%), x — free chloride content, n/a — not available.
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2.1.1. Reaching different moisture conditions

Specimens prepared for observation of the effect of moisture on the
GPR signal were brought to a saturation level of 15-20%, 45-50%, or
75-80%. A total of nine specimens were prepared for this purpose, three
for each saturation range. The specimens were first dried to a constant
mass, then saturated to 100%, and finally dried in an oven at 50 °C to the
desired degree of saturation. The desired saturation level w was deter-
mined according to the following equation,

w = (mz —my)/(my —my;)-100 [%] 1)

where m; is the mass after drying to constant mass, my is the mass after
saturation, and mg is the mass up to the desired saturation level.

2.1.2. Reaching different chloride-rich conditions

Chlorides were introduced into concrete specimens in two ways, first
by adding sodium chloride (NaCl) into the concrete mix (referred to
herein as internal chlorides), and second by subjecting the specimens to
wet-dry cycles by immersion in sodium chloride solutions, (external
chlorides).

A total of 1.19 kg/m®, 1.98 kg/m?, 2.97 kg/m®, 4.95 kg/m?, 9 kg/m°,
and 14.94 kg/m> of sodium chloride were dissolved into potable water
and added to the concrete during mixing in the first procedure. The
amounts of chlorides correspond to the following chloride concentra-
tions: 0.24%, 0.4%, 0.6%, 1%, 1.8% and 3% of the cement mass, m,.
Eighteen specimens were prepared according to the procedure described
above, three for each concentration. All specimens were tested at 0%
(dry), 15-20%, 45-50%, 75-80%, and 100% (fully saturated) saturation
levels.

The second procedure involved immersing the specimens in a 2%,
3.5%, or 5% sodium chloride solution. The procedure consisted of four
cycles of wetting (five days immersion in the solution) and drying (two
days drying in the air). Specimens were then immersed until saturation
in the same solutions and dried to a saturation level of 0% (dry),
15-20%, 45-50%, and 75-80% and tested with GPR. Three specimens
were immersed in each solution, making a total of nine specimens pre-
pared for the described procedure.

2.1.3. Reaching different stages of corrosion

The intended stages of corrosion of the reinforcement in the concrete
specimens were achieved by exposing the reinforcement to external
current from the laboratory power supply. The specimens had wires for
electrical connection that were prepared before casting. The connection
between the reinforcement and the wire was protected with an imper-
meable mastic. On top of the specimens was a container made of poly-
styrene sheets in which water was placed during the accelerated
corrosion process (Fig. 2). The objective was to keep the concrete cover
partially wet to force the gradual spread of the corrosion products into
the concrete cover. The power supply was set to a voltage of 32 V, but

Fig. 2. The setup for the accelerated corrosion process.
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with an upper current limit of 0.025 A, corresponding to a current
density of 200 uA/cm?. A total of six specimens were subjected to the
accelerated corrosion process, which differed in the duration of expo-
sure to the external current. The specimens were exposed to the accel-
erated process for 90, 120, 150, 180, 210, and 240 days. After the
accelerated process, the specimens were left under laboratory conditions
without a water container for 3 months to stabilize the concrete cover
condition, and then the GPR test was performed. The saturation level
under laboratory conditions was in the range of 60-65%. This was done
to exclude the influence of water content variations in the concrete cover
and to ensure that the signal change was only due to the influence of
corrosion products.

2.2. GPR measurements

The GPR used in this study was Geophysical Survey Systems Inc.
(GSSI) 2.7 GHz device. The scan interval of the instrument was 8 scans/
cm, with the scan sampled in 512 data points. The scan range was 5 ns.
The scans were processed using RADAN 7 software. The raw GPR data
was processed with a bandpass filter and background removal. A con-
stant one-point gain was also used.

GPR profiles were taken from the top of the specimens as shown in
Fig. 3. One GPR profile corresponded to the three specimens in a series
that came from the same mixture and had the same condition. Two
control samples were placed on the sides of the specimens. In addition, a
metal plate was placed at the bottom of the series of specimens. The
exception was the specimens made for the observation of the influence
of the corrosion process, where the profile contained three specimens
with different degrees of corrosion between two control specimens. The
GPR profiles were taken perpendicular to the reinforcing bars. A total of
ten profiles were taken, five forward and five reverse profiles, Fig. 3.

The analysis of the influence of the observed effects on the GPR
signal was based on the observation of the peak amplitudes of the signal
reflected from the rebar, derived from the scan over the rebar. The
amplitudes were extracted, and the final amplitude was determined as
the average of ten profiles. The amplitude reported herein is the
normalized amplitude A in dB, expressed as:

1) Moisture assessment

A = 20log,((An/Ao) [dB] 2)
where A, is amplitude at a given saturation level and A is amplitude of
the same specimen in dry condition,

2) Chloride assessment

Ay = 20log,,(Aci/Ao) [dB] 3
where A¢ is amplitude at a given chloride concentration and Ay is
amplitude of the specimen without chlorides at the same degree of
saturation.

In addition, the influence of chlorides on the GPR signal is expressed
by the amplitude A

A = 20log,,(Ac1/Ao) [dB] (€]

where A is amplitude at a given chloride concentration and Ay is
amplitude of the same specimen in dry condition*.'

3) Corrosion assessment

A = 20log,,(Ac/Ao) [dB] ()

1 For the specimens immersed in the solution, the dry condition was reached
before the wet-dry cycles.
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Fig. 3. GPR profiles.

where A is amplitude at a given stage of corrosion and A is amplitude
of the same specimen before corrosion.

It should be mentioned that the values of the amplitudes A, Ay, Ac,
and Ao depend on the particular GPR device and its construction. Also,
the values of the amplitudes recorded after propagation through the
material depend on the centre frequency of the device. The higher the
centre frequency, the greater the attenuation of the signal as it propa-
gates through the same material compared to a device with a lower
centre frequency [17]. However, given the normalization procedures
(Egs. (2)-(5) and the fact that commercially available GPR devices for
concrete inspection operate in a similar frequency range, it can be
assumed that the results obtained in this work should also apply to in-
vestigations other than this particular GPR.

2.3. Chloride profiles

For the specimens prepared for the observation of the influence of
chlorides on the GPR signal, the total chloride content was determined
by potentiometric titration. The concrete powder was taken every 10
mm to a depth of 50 mm, i.e., to the depth of reinforcement. A known
amount of the concrete powder was placed in a beaker and mixed with
100 ml of deionized water and 10 ml of a 5 mol/I nitric acid (HNO3)
solution. The solution was then heated to boiling with constant stirring
and stirred for an additional 3 min, according to [49]. The solution was
then titrated with 0.1 M silver nitrate (AgNO3). The amount of chlorides
is expressed as percentage of the mass of the cement, m,.

2.4. Reinforcement mass loss

Reinforcement mass loss was measured in the specimens where the
effect of corrosion products was observed. All bars were weighed and
labelled before mixing the concrete. After the GPR measurements, all

specimens were opened at the section where the reinforcement had been
placed. After pulling out the reinforcement, the corrosion products were
removed mechanically. An angle grinder with a cup brush was used for
this purpose. The reinforcement was not additionally cleaned, as it was
brought to a metallic gloss by mechanical cleaning. After the corrosion
products were removed, the mass of the cleaned rebar was measured.
The final mass loss Am was determined as follows,

Am = (my —my)/m;-100 [%] (6)

where m; is the mass of the rebar before concrete mixing and my is the
mass of the cleaned rebar after the corrosion process.

3. Results
3.1. Effect of moisture

The normalized amplitude A according to Eq. (2), obtained on a
group of specimens where the effect of moisture on the GPR signal was
observed is shown in Fig. 4.

The amplitude loss increases with the degree of saturation — the
maximum amplitude loss occurs for fully saturated specimens, and ac-
cording to the normalization to the dry specimen, amplitude A reaches
—13.62 dB at a propagation depth of 50 mm. Accordingly, 2.72 dB is lost
on each centimetre of concrete when the concrete pores are filled with
water. When the pores are half-filled, the loss is one half. This means that
the relationship between the normalized amplitude and the degree of
saturation can be well expressed in linear terms. However, it was found
that larger changes occur at the ends of the saturation range, i.e., below
20% and above 80%. The amplitude loss is related to the mechanisms
resulting from the presence of water molecules in the pores of the con-
crete, i.e., the pore water [50]. When the concrete specimens are
exposed to an electromagnetic field, the dipolar molecules tend to

Saturation level w [%]

20 40

-10

-15

Normalized amplitude 4 [dB]

A=0.001n?-0.199w - 1.003
R*=0.95

60 80 100

Fig. 4. The normalized amplitude A as a function of the saturation level.
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realign according to the applied current and form dipole moments. This
effect is called dipolar polarization. As a result of the realignment and
the interaction of the particles, some of the energy is converted into
heat, leading to an overall decrease in amplitude. The rate of molecular
polarization depends on the frequency of the incident pulse [51,52],
which means that both the dielectric properties and the amplitude loss
are frequency dependent. The behaviour of free water in the presence of
an electromagnetic field is described by the Debye model [53]. The
Debye diagram shows that there is a relaxation frequency at which the
amplitude loss is highest, and this frequency is around 19 GHz for free
water molecules. At this frequency, the energy is not transferred for the
formation of the organized orientation moments but is consumed in the
disordered motion of the molecules. If the water in the material is not
completely free to move, as in concrete pores [54,55], the relaxation
frequency may fall within the operating range of the GPR, resulting in
additional amplitude loss.

3.2. Effect of chlorides

The chloride content, expressed as a percentage of the cement mass,
calculated as explained in Section 2.3, is shown in Table 2. Each value in
a row in Table 2 is the average chloride content of three specimens.

If the chlorides were added to the concrete during mixing, the
chloride profiles in the concrete cover (Table 2) are quite homoge-
neously distributed for the specimens mentioned. Exceptions are speci-
mens with higher chloride concentration, where the total chloride
content is higher near the surface than in the depth of the reinforcement.
The reason for this could be the higher water-cement ratio in the first
centimetre of the specimens, which is mainly characterised by a higher
porosity, thus attracting the higher chloride content [56]. In contrast to
the chloride profiles for internal chlorides, the profiles for external
profiles tend to show the gradient of the chlorides at the concrete cover.
The first centimetre facing the surface that was directly exposed to the
sodium chloride solution has the highest concentration, and the con-
centration decreases with depth.

Fig. 5 shows the normalized amplitude functions according to Eq. (3)
as a function of chloride concentration ¢ (mean value in concrete cover).
The internal chlorides are marked in black, and the external ones are in
magenta. If the amplitude of the reflected wave at a given saturation
level for a mixture containing chlorides is normalized to the amplitude
of a specimen with the same saturation level but without chlorides (Eq.
(3)), the loss can be attributed only to the effect of the chlorides. The
positive numbers of A; are not included in Fig. 5. The reason for the
positive numbers could be slight geometry differences between the two
specimens used for normalization, or the position of the rebar in the
specimen could influence the described occurrence. This is most pro-
nounced in the examinations at the 15-20% saturation level. This means

Table 2
The chloride content in the concrete cover.
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that the influence of chlorides is lowest at low saturation levels.

The effect of the chlorides is apparent; it causes amplitude loss. This
is mainly the consequence of the increased conductivity of the hetero-
geneous material [13,50], where the charged ions dissolved in the pore
water consume energy in random collisions due to the presence of an
electromagnetic field. According to this normalization procedure, the
loss for the mixtures with an average chloride content of 0.7% of m. is
-1.6 dB, 1.2% of m is -5 dB and 3.1% of m. is —13.7 dB, all at full
saturation. At half saturation, the loss for the mixture with chlorides
3.1% of m, is -3 dB, while for the mixtures with 0.7% and 1.2% the
normalized amplitude has a positive sign according to Eq. (3).

The normalization procedure according to Eq. (4) is intended to
show the effect of the amplitude change due to the joint effect of water
saturation and chlorides. Fig. 6. shows the behaviour of the amplitude of
the GPR signal in accordance with Eq. (4). As for the internal chlorides,
the loss is greatest for the mixture with the highest chloride content (3.1
% wt. of cement) and the highest saturation level (100%). The slope of
the curves increases with increasing chloride content. At higher satu-
ration levels, the combined effect of water and chlorides is greater
because the conduction effects are enhanced by the presence of water
due to the facilitated movement of charges in the liquid. In the low
saturation range (below 20%), the losses are fairly independent of
chloride content. This is probably because the movement of charged ions
is restricted in the absence of water. For the mix with an average chlo-
ride content of 0.7% of the m, (internal chlorides group), the signal loss
is —14.8 dB for fully saturated specimens. For the concrete with an
average chloride content of 1.2% of m,, the loss is —18.3 dB and for the
severe chloride environment with a chloride content of 3.1% of m, this
loss is —25.6 dB, both at full saturation. For the same mixes, the losses at
half-filled pores are —5.6 dB, —7.3 dB and —9.4 dB, respectively. For the
specimens with external chlorides, the losses are as follows: —18.2 dB for
chloride content of 1.1% of m., —22.3 dB for chloride content of 1.6% of
m, and —25.1 dB for chloride content of 2% of m,, at full saturation, and
—11.5dB, —14.3 dB and —18.3 dB at half saturation.

For the comparison, the specimens to which 1% of chlorides to the m,
was added during mixing (mean chloride content is 1.2% of m.) and the
specimens exposed to a 2% sodium chloride solution (mean chloride
content is 1.1% of m.) have similar average chloride content in the
concrete cover. According to Eq. (4), the loss for the first and second
groups of specimens is —18.3 dB and —18.2 dB at full saturation and
—7.3 dB and —11.5 dB at half saturation. The specimens to which 1.8%
of chlorides to the m, was added and the specimens exposed to a 5%
sodium chloride solution have an average chloride content of 1.8% and
2% of m,, respectively. The losses are as follows: —20.3 dB and —25.1 dB
at full saturation and —10.8 dB and —18.3 dB at half saturation. The loss
was found to be lower for the internal chlorides than for the external
chlorides. This could be explained by the higher ratio of free to total

Internal chlorides Chlorides added in mixture [% of m_]

Depth [mm]

0-10 10-20
0.24 0.5 0.4
0.4 0.9 0.7
0.6 0.7 0.6
1 1.9 1.1
1.8 2.9 1.8
3 5.2 3.1

External chlorides Concentration of solution [%]

Depth [mm]

0-10 10-20
2 2.8 1.0
3.5 4.2 1.4
5 4.7 1.7

Chloride concentration [% of m]

Chloride concentration [% of m.]

Mean value Standard deviation
20-30 30-40 40-50
0.4 0.3 0.4 0.4 0.1
0.4 0.7 0.5 0.7 0.2
0.8 0.8 0.6 0.7 0.1
1.1 1.1 0.8 1.2 0.4
1.4 1.5 1.5 1.8 0.6
2.5 2.3 2.6 3.1 1.2
Mean value Standard deviation
20-30 30-40 40-50
0.6 0.6 0.6 1.1 1.0
0.9 0.8 0.6 1.6 1.5
1.2 1.2 1.1 2.0 1.5

" The value that is marked with “*” in Figs. 5 and 6.
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)
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<
)
E
%_‘ R2=0.33
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-20 external chlorides
Fig. 5. The normalized amplitude A; as a function of chloride content.
Chloride concentration ¢ [% of m,]
0.4 0.7 0.7* 1.1 1.2 1.6 1.8 2.0
0

A=0.242¢>-3.503¢-0.27

Normalized amplitude A4 [

R2=0.33
-20
2=

----- = 15-20% R#=0.56
-25

— . — =3 45-50%

—_—— - b 0,
30 EEFER] 75-80%

100%

I internal chlorides

[ external chlorides

A=0.047¢%-1.48¢-8.337
R*>=0.83

A=-0.079¢2-091c-11.758
R*=0.84

Fig. 6. The normalized amplitude A depending on the average chloride content.

chlorides in the case of the external chlorides [57], which have less
restricted motions in the cement matrix compared to the bound chlo-
rides, resulting in higher energy dissipation during particle collision.

3.3. Effect of corrosion products

The signal change due to the corrosion of the reinforcement in the
concrete specimen as a function of the mass loss Am is shown in Fig. 7.
The mass loss of the specimens subjected to accelerated corrosion ranges
from 0.17% to 2.1%. The main finding of this study is that the increase in
corrosion degree affects the amplitude loss. The normalized amplitude
according to Eq. (5) ranged from -0.4 dB to -10.8 dB.

For the majority of specimens, the degree of corrosion corresponded
to a mass loss between 0.1% and 0.8%. The cross-sections through the
corroded reinforcing bars of the specimens opened after completion of
the accelerated corrosion process are shown in Fig. 8. It was explained in
Section 2.1.3. that the container of water was present during the
corrosion process to maintain the concrete cover in a partially wet

condition. In this setup, the ongoing corrosion process and the propa-
gation of the corrosion products develop from the top of the rebar facing
the side where the investigation with GPR is performed. This phenom-
enon was discussed in detail in reference [22]. From Fig. 8, it can be seen
that the metal consumption was as explained in the previous sentence.
Starting with the lowest corrosion level, the specimens that corroded for
90 days had the smallest corroded area at the top of the rebar. The
specimens that corroded for 120, 150, and 180 days had the same but
more pronounced corrosion pattern. Finally, the specimens with 210
and 240 days of corrosion, which exhibited the highest degree of
corrosion, also had corrosion products on the bottom side of the rebar.

The lowest mass loss is 0.17% and corresponds to an amplitude loss
of —0.39 dB. The rebar that corroded for 120 days had a mass loss of
0.46%. The normalized amplitude according to Eq. (5) had a minor
value, but with a positive sign. The cross-section of this specimen, shown
in Fig. 8, indicates that most of the corrosion products accumulate near
the ends of the rebar. On the other hand, most of the radiated GPR en-
ergy is reflected from the central part of the rebar, since the profiles
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Fig. 8. The cross-section of the corroded specimens after a) 90 days, b) 120 days, ¢) 150 days), d) 180 days, e) 210 days and f) 240 days of accelerated corrosion.

shown in Fig. 3 correspond to the centreline connecting the specimens.
Simplifying the radiated energy as a cone with an ellipse base, as pro-
posed in [58], the central part affected by the electromagnetic waves is
the middle 1.5 cm long region of the rebar. The explanation for the lack
of amplitude change in this specimen is therefore that the corrosion
change did not occur in the central part of the rebar, but on the outer
sides of the rebar. The two following specimens, subjected to a corrosion
process for 150 and 180 days, had the same degree of corrosion corre-
sponding to a mass loss of 0.6%, so the normalized amplitude had very
similar values, -3.6 dB and -3.4 dB, respectively. The specimen with the
highest degree of corrosion, i.e., 2.1 % mass loss, had an amplitude loss
of -10.8 dB. This specimen had a crack at the end of the corrosion
process. However, this crack was less than 1 mm thick, which did not
contribute to the overall amplitude change [22,59].

The previously described amplitude loss is probably the result of two

mechanisms occurring simultaneously during the propagation of the
electromagnetic wave, as described in [22]. The first is the change in the
concrete medium in which the wave propagates because the concrete
pores are now filled with corrosion products, the iron oxides. Iron oxides
have magnetic properties that can affect the amplitude loss [60].
However, this mechanism is not crucial in this study because visible
migration of corrosion products toward the concrete cover is not
observed (Fig. 8). Instead, the change in amplitude is the result of the
change in the reflector surface. The corrosion layer over the rebar
changes the reflection coefficient and thus the amplitude of the reflected
wave. In addition, the wave is attenuated by the thin corrosion layer
during propagation, so the total energy reflected from the steel is lower
compared to the uncorroded rebar.
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4. Discussion

In Section 3, the loss of GPR signal amplitude was expressed in dB
and observed during the propagation of the signal in five centimetres of
concrete. In the following discussion, these values are normalised to one
centimetre of concrete so that the amplitude is expressed in dB/cm.
Table 3 provides an overview of the influence of the corrosion-related
effects on the GPR signal. The values of the normalized amplitudes
shown in Figs. 4, 5 and 7 are further normalized to the following in-
crease in the observed values: a 5% increase in the saturation level, a
0.4% (of m.) increase in the total chloride content in concrete cover
(mean value for internal and external chlorides) at saturation levels of
45-50%, 75-80%, and 100%, and a 0.1% increase in mass loss due to
reinforcement corrosion. It should be mentioned that some of the
specimens where the influence of chlorides was observed showed signs
of corrosion on the surface of the reinforcing bars (which were detected
after opening the specimens), and these were excluded from the analysis
of the amplitude in Table 3.

As explained earlier, the changes in signal amplitude due to chlorides
are not significant at low saturation ranges, so they are not listed.

It is not easy to select the increment of effects listed in Table 3 to
compare their contribution to the overall change in the GPR signal
because it is difficult to determine the possible range of effects under real
conditions. Even though moisture has a significant effect on the GPR
signal, the analysis can be facilitated if the measurement is chosen to
avoid variations in the moisture condition. In this case, during the
corrosion initiation, chloride contamination has the greatest effect on
the signal change for chloride-induced corrosion. Once corrosion pro-
gresses, the chlorides and rust simultaneously contribute to the change
in signal.

In this work, a dried specimen, or a specimen without chlorides with
the same saturation level was used as a reference point for normaliza-
tion, Egs. (2) to (4). The normalization provided was used to express the
full possible range of amplitude change as a function of specimen
moisture conditions, from complete dryness to complete saturation.
However, this scenario of extreme conditions is not realistic for most
existing reinforced concrete structures. In the maintenance of reinforced
concrete structures, the first measurement could be performed on
“sound” concrete without deterioration, made after the construction of
the structure, as a reference point to which the change in the GPR signal
is measured, which indicates changes related to concrete corrosion. If
measurements are made under similar environmental conditions, for
example, if there has been no rain for several days and average tem-
peratures are similar, extreme variations in the degree of saturation can
be avoided.

To determine the value of the amplitude corresponding to the end of

Table 3
Quantification of the influence of corrosion-related effects on the GPR signal.
The corrosion-related Trend of Normalized
effect amplitude amplitude [dB/
change cm]
5% increase in 1 At the saturation -0.1
saturation level level 20%-80%
At the saturation -0.2

level below 20%
and above 80%

0.4% (of m.) increase in | At the saturation -0.21
chloride content level 45-50%
At the saturation -0.26
level 75-80%
At the saturation -0.37
level 100%
0.1% increase in mass 15 At the saturation -0.07
loss due to level 60-65%
reinforcement

corrosion
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the corrosion initiation period, the specimens with a “critical” chloride
content of 0.6% of m are used [61]. It can be seen from Table 2 that the
specimens subjected to wet-dry cycles in 2% and 3.5% sodium chloride
solutions have these chloride contents at the reinforcement level. The
mean values of the amplitudes are further normalized to the amplitude
of a specimen with a moisture content of 3.85% (saturation level 65%),
expressed in terms of the mass of the dried specimen. According to [62],
this corresponds to an ambient relative humidity of 60%. Finally, the
proposed normalized amplitude value that correspond to the critical
chloride content of 0.6% of m, is shown in Table 4.

5. Conclusions

In this experimental study, the influence of moisture, chlorides, and
corrosion products on the change of the GPR signal was investigated.
The conclusions of this study are:

- Moisture, expressed in this work as saturation level, has strong in-
fluence on the GPR signal. However, if the inspection of the structure
RC is performed under similar environmental conditions in terms of
relative humidity and temperature, this parameter could be excluded
from the analysis.

The corrosion products on the surface of the reinforcement affect the
amplitude loss when the signal is reflected. The mass loss of 0.1%
affected the amplitude loss of —0.07 dB/cm.

The normalized amplitude value of 0.7 dB/cm was measured for the
specimens where the chloride content at the depth of reinforcement
was 0.6% of m,.

By the proposed reduction of amplitudes for different influencing
factors, combined with additional measurements such as chloride con-
tent, it is possible to eliminate other factors and analyse the amplitude
reduction due to the corrosion process. In addition, in accordance with
the procedures described in the paper, the authors would like to
emphasise the importance of baseline measurements made shortly after
construction. This would open the possibility of using GPR for non-
destructive and effective analysis of corrosion of reinforcement in con-
crete structures. In future studies, the investigations should be extended
to different types of concrete in terms of strength so that they can be
used for the inspection of structures. In addition, complete structure
elements with reinforcement meshes and different reinforcement di-
ameters should also be studied to determine the limits of the inspection.
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