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� The study aimed to understand the potential of GPR in detecting concrete delamination.
� It explored various factors that might affect the detectability of concrete delamination.
� The study was conducted using both synthetic and real GPR data from concrete slab.
� It was found that GPR has a great potential to be used as a delamination detection tool.
� The detectability of a delamination is affected by some factors described in the paper.
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a b s t r a c t

Concrete delamination is a common type of defects in concrete bridge decks and rigid pavements. While
it was reported that ground-penetrating radar (GPR) was able to visualize such types of defects in many
instances, it is still unclear about the conditions of success for that application. In such a context, this
study aimed to explore various factors that might affect the detectability of concrete delamination in
GPR images/signals. In terms of methodology, the study was conducted using both synthetic data gener-
ated from a GPR simulation program, and real data collected on a concrete slab specimen. The analysis of
such image data revealed the following. First, there is always a waveform reflected from concrete delam-
ination. However, its strength is affected mainly by the thickness of the delamination, the material (air or
water) within it, and the peak (most energetic) frequency of the emitted signal. Second, the depth of
delamination and its location relative to neighboring steel bars might impact its detectability in GPR
images.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete delamination is a common type of distress in concrete
bridge decks and rigid pavements. Concerning the mechanisms,
while delamination in bridge decks is usually a result of corrosion
of reinforcing steel [1–2], the same in rigid pavements often occurs
as a result of differential shrinkage stresses in concrete [3]. Regard-
less of the mechanism, if repairs are not made in a timely manner,
delamination will finally develop into open spalls that reduce the
ride quality and the integrity of the structure [1–3]. Due to that
reason, it is necessary to have effective methods for the detection
and monitoring of the progression of existing delaminations.
Ground-penetrating radar (GPR) has long been identified as a
potential nondestructive evaluation (NDE) technology that might
help solve the above problem. For instance, the earliest study in
the United States that targeted using GPR to image concrete delam-
ination in bridge decks dates back to the year 2001 [4]. Continuing
efforts have been made for both bridge decks [5–6] as well as for
rigid pavement [7]. Unfortunately, the mixed results reported in
those studies have led to the impression that GPR is unable to
directly image the presence of delamination [1]. Motivated by both
past reported successes and failures, this study aimed at under-
standing the factors that may influence the effectiveness of GPR
for detecting concrete delamination.

It was determined from the start that numerical simulation
would be used in the first step to investigate the problem. Once
the promising indicators of delamination detection have been
identified from the numerical studies, real data will be collected
to verify them. As one can realize, numerical simulations offer
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Fig. 1. A-scan of a signal received by (a) an air-coupled and (b) a ground-coupled
antenna.
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two significant benefits. First, they allow us to understand the
behavior of the physical world without the need to build real
objects or buy equipment. Second, they help us to see whether it
is worth conducting a physical experiment or to come up with
the best experiment design. On the other end, a limitation of
numerical modeling is that we may not yet fully understand the
complexity of an actual element. As a consequence, when building
a numerical model, some parameters may have been omitted or
simplified.
Fig. 2. Typical B-scan from a survey of a concr
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2. GPR data from concrete structures

Understanding how GPR signals are formed and what are their
responses to various scenarios is the most important factor for the
success of any GPR application. As such, this section will briefly
explain different forms of GPR data display and what parameters
may affect their signatures.

2.1. Display of GPR data

To start, an A-scan is the building block of GPR data. It is a wave-
form collected at a single location. While Fig. 1a depicts an A-scan
collected with an air-coupled or horn antenna, Fig. 1b presents the
one collected with a ground-coupled GPR antenna. As can be seen,
for a horn antenna, there is a certain separation between the
direct-wave and surface reflection. On the other hand, for a
ground-coupled antenna, those two waveforms are blended to
form what is usually called the ‘‘direct-coupling” signal. Although
this study focused on using a ground-coupled antenna, the opera-
tion of the air-coupled antenna is presented in Fig. 1a purposely to
explain an important effect, namely ‘‘phase reversal.” It is a phe-
nomenon observed when an electromagnetic wave is reflected
from a medium of higher dielectric constant. In such cases, the
wave experiences a phase change of 1800. Since the dielectric con-
stant of concrete is greater than that of air, the reflection from the
concrete surface will change phase 1800 compared to the transmit-
ted signal.

As can be realized, an A-scan contains mostly one-dimensional
information. Therefore, it is only appropriate for displaying GPR
data from layered-type structures such as pavements. For concrete
with embedded rebars or for other testing scenarios where fea-
tures are expected to change significantly over the survey line, a
B-scan is more frequently used to display the results. It is created
by stacking individual A-scans over the length of a survey line.
The amplitudes of those A-scans are then converted to pixel inten-
sities to form a two-dimensional image. Fig. 2 presents a typical B-
scan for concrete structures obtained with ground-coupled GPR. As
can be seen, while its vertical axis indicates the two-way travel
time of the signals, its horizontal axis shows the traveling distance
of the antenna (the location of each A-scan). Furthermore, it should
be noted that the hyperbolic patterns on the B-scan are the signa-
tures of steel reinforcement [8,9].
ete slab using a ground-coupled antenna.



Fig. 3. Example of a simulation experiment with the computational modeling program.

Fig. 4. Simulation setup for studying the effect of delamination thickness.

K. Dinh and N. Gucunski Construction and Building Materials 274 (2021) 121837
2.2. Parameters affecting GPR signals

As previously mentioned, the dielectric constant affects the
phase of the reflected signal. In addition, it determines the propa-
gation velocity of an electromagnetic wave in a medium. The
higher the dielectric constant of a material, the slower GPR signals
will travel in that material [10]. This effect can be observed in
Fig. 1a when, although the distance from the antenna to the con-
crete surface is greater than the thickness of the concrete element,
the travel time between the top and bottom of the slab is still
greater than the one between the antenna and concrete surface.
That is because, on average, the dielectric constant of concrete is
about nine times greater than that of air or vacuum. Accordingly,
GPR signal travels in concrete three times slower than when it
travels in the air.

Along with the dielectric constant, electrical conductivity is
another important parameter that has a significant effect on GPR
signals [10,11]. Specifically, concrete with a higher electrical con-
3

ductivity will attenuate more electromagnetic energy through
inducing eddy currents. According to [11], this attenuation mech-
anism is called a conductive loss. It is different from the dielectric
loss, which is caused by the damping forces in each atom [11,12].
The effect of the above losses is that they make it more difficult
to see reflections from objects in GPR images/signals. Such an
effect will increase with the depth of an object.

3. Experiments using numerical simulation

3.1. Description of the simulation program

In this study, a computational modeling program was devel-
oped in MATLAB to simulate the use of GPR for concrete inspection.
Specifically, the program works by solving Maxwell’s curl equa-
tions in 2-dimensional (2D) space using the Finite-Difference
Time-Domain (FDTD) method. This method was proposed by Yee
in 1966 [13], in which he came up with a special design to stagger
electric and magnetic vector fields across the computational grid.
Such a grid allows Maxwell’s curl equations to be solved easily
with finite-difference approximation [14,15].

Fig. 3 presents a visualization of the experimental setup in this
research using the computational modeling program. As can be
seen, in this specific experiment, the concrete slab has a thickness
of 20 cm and includes fourteen steel bars. Seven bars are on top,
and the other seven are at the bottom. The concrete cover is about
6 cm for the top rebars and 3 cm for the bottom rebars. Three air-
filled delaminations of 1 mm thick are embedded in the slab. Tx
(red mark) and Rx (blue mark) denote the transmitter and receiver
locations, respectively. Furthermore, a Perfectly Matched Layer
(PML) is included at the boundary of the computational space to
absorb the outgoing waves and prevent them from reflecting
toward the receiver location [16]. Finally, although not being indi-
cated in Fig. 3, the Ricker wavelet is used as the transmitted pulse
in the program. Since it contains a spectrum [17], the peak (most
energetic) frequency is used to define the frequency of an antenna
in this research.

3.2. The effect of delamination thickness

It was determined at the beginning of the current research that
it would focus firstly on studying the effect of delamination



Fig. 5. Schematic explanation of A-scan formation.

Fig. 6. The effect of delamination thickness observed in (a) B-scan image and (b) A-scans.
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thickness on GPR signals. The motivation for it is as follows. First,
Scott et al. [4] observed that when the thickness of an air gap
between two concrete plates was reduced from 1.3 cm to 1 mm,
the response from the air gap in the signal collected by a prototype
GPR system almost disappeared. Second, Tarussov et al. [10] stated
that ‘‘only large cracks (2–3 mm or wider) are able to produce
reflections or signal attenuation.” However, neither one of the
studies provided an explanation of why and how the thickness of
delamination affects its detectability in GPR images/signals.

To answer the above question, a simulation model was set up,
as shown in Fig. 4, using a 2-GHz antenna. The slab in the model
is 20 cm thick, and concrete is assigned a typical dielectric constant
of 8 and an electrical conductivity being equal to 0.001 S/m. The
transmitter and receiver are at 1 cm above the concrete surface.
Air-filled delamination is embedded in the slab at a depth of
5 cm. Ten delamination thickness values were used for ten simula-
4

tion runs. Specifically, 10 mmwas used as the starting value, and in
each next simulation, the delamination thickness was reduced by
1 mm. Since one A-scan is generated for each simulation, as shown
Fig. 5, there is a total of 10 A-scans obtained for this experiment.
The scans are stacked together and plotted in the form of both
B-scan image and A-scan signals in Fig. 6.

The effect of delamination thickness on GPR images/signals can
be clearly observed in Fig. 6. Specifically, the thinner the delamina-
tion is, the weaker the signals reflected from it will be. In other
words, the thinner delamination is, the more difficult it can be
identified in the GPR image. As mentioned earlier, while this
phenomenon is known in the literature [4,10], the main interests
in this research are (1) to find an explanation for it and (2) to
answer whether commonly-used GPR systems can detect
delamination of a thickness less than 2 mm. Theoretically, Fig. 6
has positively answered the latter question. Concerning the effect



Fig. 7. Simulation setup to obtain the reflection from the concrete/air interface of
the delamination.

Fig. 9. The effect of GPR frequency on the detectability of 1-mm thick delamination.
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of delamination thickness, the process to understand and explain it
is as follows.

First, when analyzing Fig. 6, one can notice that the shapes of
the reflections from the delamination are not similar to the shape
of the transmitted waveform (Ricker wavelet), which should
resemble the reflections from the slab bottom. This observation
has led the authors of this research to a hypothesis that the signal
reflected from delamination is a mixture of the following two
waveforms. The first waveform is the reflection from the con-
crete/air interface, and the second waveform is the reflection from
the air/concrete interface. As can be realized, the thinner delamina-
tion is, the closer the two waveforms will be to each other.

With the above hypothesis, one can explain why the strength of
reflection from delamination significantly decreases when reduc-
ing its thickness. The reason is the phase reversal effect earlier men-
Fig. 8. Assumed reflections from the air/co
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tioned. It leads to the destructive interference of the two
waveforms described above. To be more specific, while the reflec-
tion from the concrete/air interface does not change phase 1800,
the one from the air/concrete interface does. The next simulation
is presented in support of this explanation. Specifically, Fig. 7
depicts a simulation setup to isolate the reflection from the con-
crete/air interface of the previous simulation experiment where
the thickness of the slab is equal to 5 cm. The A-scan generated
in this simulation can then be subtracted from the A-scans in the
previous experiment to obtain the waveforms from the air/con-
crete interface of the delamination. If the above explanation is cor-
rect, the following phenomena should be expected.

First, because the dielectric constant of concrete is greater than
that of air, the waveforms obtained from such a subtraction should
have a phase change of 1800 at the location of the delamination.
Second, since the concrete surface below the air gap (delamina-
tion) moves closer to the antenna when the thickness of the delam-
ination is reduced from 10 mm to 1 mm, the strength of the
waveforms reflected from it should increase gradually due to
ncrete interface of the delamination.



Fig. 10. Simulated GPR images/signals obtained from air-filled and water-filled delamination.

Fig. 11. Effect of dielectric constant of concrete to the detectability of delamination.
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geometric loss [11]. As can be seen in Fig. 8, both of these phenom-
ena exist as being expected.

For clarification, first it is noted that the thickness of concrete
above the air gap in Fig. 4 is kept constant in the entire experiment,
being equal to 5 cm. The thickness of the delamination itself is
reduced by raising the concrete surface below the air gap. As such,
6

the thinner the air gap, the closer the concrete surface below it to
GPR antennas and accordingly the stronger reflection. Second, the
geometric loss mentioned above is the decrease in the strength of
electric field due to the inverse-square law. Finally, it is noted that,
in this paper, the simulated signals are plotted using raw data
without any gain being applied. However, as one may notice, since



Fig. 12. Effect of delamination width to its detectability.

Fig. 13. The effect of steel bars on the detectability of delamination.
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Fig. 14. Simulated B-scan obtained for 3-mm thick delaminations.

Fig. 15. Photo of the concrete slab specimen.
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Maxwell’s curl equations do not take into account frequency-
dependent dielectric loss, the signals obtained from the simula-
tions will be attenuated less compared to those collected on real
concrete.

3.3. The effect of antenna frequency

Theoretically, it is expected that, for the same delamination,
GPR images obtained from a lower frequency antenna will be
affected more by the above effect of destructive interference. The
reason is a lower frequency pulse will lead to a higher ratio
between the wavelength and the thickness of the delamination.
Consequently, the reversal of the waveform reflected from the air/-
concrete interface will become closer in phase with the waveform
from the concrete/air boundary’s reflection. Results in Fig. 9 con-
firm such a theory when five different frequencies (1.0–3.0 GHz)
were used in turn for a simulation. In the simulation, 1 mm thick
delamination was embedded right at the middle height of a
20 cm thick concrete slab. In combination with the results in
Fig. 6, those in Fig. 9 lead us to the following definition of a dimen-
sionless factor to define the detectability of delamination. Specifi-
cally, if the ratio between the wavelength of the GPR signal
(when traveling in concrete) and delamination thickness is less
than 50, it is likely that the delamination will appear clearly in
the B-scan image. In other words, one can say that a 2 GHz antenna
will provide equally good detection of a 1 mm delamination, as a
1 GHz antenna will do for a 2 mm thick delamination. However,
it should be noted that, if a delamination is close to concrete sur-
face and the frequency of transmitted signals is small enough,
there may be a resolution problem that will affect the detectability
of delamination. Specifically, in such cases, there will be a mixture
between two wavelets, i.e., one from the concrete surface and the
other from the delamination.

3.4. Water-filled versus air-filled delamination

It has been reported in the literature that water-filled delamina-
tion may produce a stronger reflection than the one filled with air
[18]. To verify that assumption, the simulation setup, as the one
shown in Fig. 4, is used again with two modifications. First, the
thickness of the delamination is reduced further to 0.2 mm. Sec-
ond, two values are employed in turn for its dielectric constant.
The value of 1 is used to simulate air-filled delamination, and the
value of 81 to model delamination filled with water. Then, one
A-scan is generated for each simulated model using a 2.0 GHz
antenna frequency. For convenience in comparison, the A-scans
obtained from the two models are stacked together and plotted
in Fig. 10. As can be seen, in agreement with the above assumption,
the waveform reflected from the water-filled delamination is much
stronger than the one reflected from the air-filled delamination.

3.5. The effect of dielectric constant of concrete

It should be noted that the dielectric constant of concrete may
also affect the strength of signals reflected from delamination. To
be specific, in the case of air-filled delamination, the lower the
dielectric constant of concrete, the smaller will be the dielectric
contrast between concrete and air, and accordingly, the reflection
coefficient. On the other hand, for water-filled delamination, the
higher the dielectric constant of concrete, the smaller will be the
dielectric contrast between concrete and water. However, such a
variation in dielectric contrast will not significantly impact the
detectability of concrete delamination. Fig. 11 illustrates that when
the simulation setup in Fig. 4 is used again in which two extreme
values of dielectric constant of concrete (5 and 11) are used in turn
for the simulation. As can be seen, while the delamination on the
8

left (when dielectric constant of concrete is equal to 5) does not
appear as strong as the one on the right (when dielectric constant
of concrete is equal to 11), one can still observe the reflected
signals.
3.6. The effect of delamination width

It is reasonable to assume that delamination’s width or size will
affect its detectability in the GPR image. Therefore, a simulation
experiment (shown in Fig. 12a) has been set up to verify such an
assumption. As can be seen, three air-filled delaminations of vary-
ing width were embedded in the simulation model with the value
being equal to 2 cm, 4 cm, and 8 cm, respectively. All three simu-
lated delaminations had the same thickness of 1 mm. Similar to the
previous simulations, the dielectric constant of concrete was
assigned a typical value of 8 and Ricker wavelet with a peak fre-
quency of 2 GHz was utilized for transmitted signals. The B-scan
image obtained is presented in Fig. 12b. As one can observe,
although the reflections from three delaminations vary in shape
and a bit in the strength of reflected signals, they all appear quite
clearly. The delamination of the smallest size has a signature sim-
ilar to those of point-like objects such as rebars, pipes or cables.
That may cause some difficulty in differentiating delamination
from such objects. However, based on this experiment, one can



Fig. 16. Photos of simulated delaminations.

Table 1
List of simulated delaminations.

# Width (cm) Length (cm) Depth (cm)

DL1 61 61 5
DL2 30.5 61 5
DL3 30.5 30.5 5
DL4 30.5 30.5 5
DL5 30.5 30.5 5
DL6 30.5 30.5 10
DL7 30.5 61 10
DL8 30.5 30.5 17
DL9 30.5 61 17
DL10 61 61 17
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say that, for typical delamination, the width will not have a big
impact on its detectability.

3.7. The effect of steel bars

The presence of reinforcing bars in concrete slabs may affect the
capability of GPR in detecting delamination. The reasons include
the following. First, since a steel bar is a perfect reflector of electro-
magnetic energy, it may obstruct the traveling of GPR energy to the
crack location. Second, in the case of corrosion-induced delamina-
tion, its inherent proximity with rebar may lead to a resolution
problem. To better understand those effects, Fig. 13 presents two
simulation setups (Fig. 13a and b) for a survey with an antenna
of a 2.0 GHz peak frequency and corresponding results (Fig. 13c
and 13d). For clear referencing in the following discussion, each
delamination in the figure was labeled (from DL1 to DL9). Each
delamination was air-filled and 1 mm thick. The steel bars were
modeled as of a 12 mm diameter. As can be noticed, delamination
DL1, DL3, DL5, DL7, and DL9 were to simulate delaminations cre-
ated by the corrosion of top rebars. On the other hand, delamina-
tions DL2, DL4, DL6, and DL8 were to model delaminations near
the bottom rebars.
9

As expected, Fig. 13 shows difficulties in detecting some delam-
inations when steel bars are included in the simulation models.
More specifically, delamination DL1 does not appear in the B-
scan image, and it only leads to some distortion of the hyperbolic
shape of rebar reflection. Delaminations DL5, DL8, and DL9 can
only be seen partially at the locations where they are not masked
by a steel bar. Delaminations DL2, DL4, and DL6 near the bottom
rebars can hardly be seen. On the other hand, due to some separa-
tion from rebars, delaminations DL3 and DL7 appear very clearly.
Since it has been shown previously that the detectability also
depends on the thickness of delamination, additional simulations
were performed by increasing the thickness of delaminations in
models in Fig. 13a from 1 mm to 3 mm. The results are presented
in Fig. 14. As can be observed, the effects created by delaminations
DL2, DL4, and DL6 have become more visible in the B-scan.
4. Validation of simulation results on an actual concrete slab

4.1. Description of the concrete slab specimen and data collection

The results from the above numerical simulations have shown
that, although there are some obstacles, GPR can undoubtedly be
used as a tool for direct imaging of concrete delamination. To val-
idate the conclusions from the numerical study, a GPR survey was
conducted on a concrete slab with prefabricated/simulated delam-
ination (Fig. 15). Specifically, the concrete specimen employed in
this research was constructed at the Livingston Campus of Rutgers
University to evaluate performance or validate newly developed
NDE techniques or new methods of data interpretation. The con-
crete slab is supported by three steel beams placed on two con-
crete abutments. The slab is 9 m long, 3.6 m wide, and 203 mm
thick. It has two layers of uncoated steel reinforcement at 50 mm
and 165 mm depths, respectively. Each of the reinforcement layers
consists of 13 mm diameter rebars spaced at 165 mm in the
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longitudinal direction and 16 mm diameter rebars spaced at
177 mm in the transverse direction.

Concerning the current study, the concrete specimen was con-
structed with ten simulated delaminations (denoted as DL1 to
DL10 in Fig. 16). As can be seen in Table 1, they varied in the areal
extent and were embedded at different depths. Shallow delamina-
tions were placed at a 5 cm depth, while intermediate and deep
delaminations were embedded at 10 cm and 17 cm depths, respec-
tively. The delaminations were formed using two layers of plastic
foam covered by a thin plastic film. The total thickness of each arti-
ficial delamination varied between 1 mm and 1.5 mm. GPR data
were collected in two perpendicular directions of the slab using
both 1.6 GHz and 2.6 GHz antennas. The results are presented
and discussed in the following section.
Fig. 17. Detection of sha
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4.2. Results and discussion

a. Shallow delaminations

Fig. 17 presents B-scan images that cross the areas of the shal-
low delaminations (DL1-DL5). Since it is known from numerical
simulations that a greater separation from steel bars will make
delamination become more visible, B-scan images from both longi-
tudinal and transverse scans were employed to detect delamina-
tion. For clarification, it is noted that steel bars in two directions
of each reinforcing layer are not at the same depth. In particular,
the top reinforcement is in the transverse direction. Therefore, sur-
veying in two directions may help minimize the effects of steel
bars on imaging delamination. Fig. 17 clearly illustrates this con-
llow delaminations.



Fig. 18. Detection of intermediate delaminations.

Fig. 19. Detection of deep delaminations.
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cept when it is easier to detect the delaminations by using trans-
verse B-scans rather than using longitudinal B-scans. The reason
being, in the tested specimen, the shallow delaminations were
placed right on top of transverse steel bars, as shown in Fig. 16.
However, regardless of the scanning direction, it can be confirmed
from Fig. 17 that all the shallow delaminations in the tested spec-
imen can be imaged directly with GPR using either 1.6 GHz or
2.6 GHz antenna. The images are a bit more indicative of the pres-
ence of delamination for the 2.6 GHz antenna.

b. Intermediate delaminations

Similarly, Fig. 18 presents B-scan images from the areas with
intermediate delamination (DL6 and DL7). As can be noticed,
delamination DL6 is not well visible on the images from the trans-
verse scans. However, on the longitudinal B-scans from both
1.6 GHz and 2.6 GHz antennas, it appears and has a signature sim-
ilar to the results obtained from numerical simulations for delam-
ination DL9 (Fig. 13d). Specifically, it only appears in the space
between two rebars, i.e., at the tails of the hyperbolas. Concerning
delamination DL7, it can be seen very clearly in all B-scan images.

c. Deep delaminations

The results from previous simulations have shown that it might
be difficult to detect deep delaminations near the bottom of the
slab. Fig. 19 indicates no exception for real GPR data when one
can barely see on B-scan images the signs of delaminations DL8,
DL9, and DL10. While this phenomenon may seem obvious, its
detailed explanation is as follows. First, the area near the bottom
of the slab in GPR images is very complicated to analyze with the
reflections from top rebars, bottom rebars, and slab bottom. Those
reflections tend to be mixed, creating complex GPR signals. Second,
GPR energy reflected from deep delamination is inherently weak
due to geometric, dielectric, and conductive losses [11]. As a conse-
quence, it may be undetectable because of a reduced signal-to-
noise ratio. Additionally, it is worth noting that the embedded
delaminations in the tested specimen are closer to air-filled delam-
ination. That is to say, the deep delaminations (DL8, DL9, and DL10)
might have been detected if they were filled with water.

5. Conclusions

Although GPR is one of the most commonly used technologies
for evaluating the condition of concrete structures, it has never
been accepted as a tool to directly image concrete delamination.
This study was conducted to improve understanding of the poten-
tial of GPR to detect concrete delamination and to identify the fac-
tors that may hinder the success of such an application. Based on
the analysis of results obtained from numerical simulations and
the data collected on an actual concrete slab, the following was
concluded. First, as long as electromagnetic energy is strong
enough to reach delamination, some of the energy will be reflected.
The strength of such energy will depend on the thickness of delam-
ination, whether it is air- or water-filled, on the peak frequency of
the emitted signal, and to some extent, on the dielectric constant of
concrete and the width of delamination. More specifically, based
on numerical simulations, delamination in unreinforced concrete
will likely be detected if the ratio between the wavelength of signal
in concrete and delamination thickness is less than 50. Second, the
12
depth of delamination and its position relative to neighboring steel
bars impact its visibility in GPR images.
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