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I

Abstract

Concrete structures are susceptible to deterioration over time and it is vital to continually assess concrete
structures to maintain the structural integrity and prolong the service life. In recent years there has been
an increased interest in non-destructive testing of concrete, i.e. assessing the state of the concrete without causing any damage to the structure in the process. There are many different techniques that falls
under the term non-destructive testing and one of these that have gained prominence during the last few
years is Georadar or ground penetrating radar, often shortened as GPR.
GPR is a technique where microwaves are sent into the surface of the concrete by a device, the waves
will reflect back to the device when encountering interfaces of areas with different electric properties.
The waves are then received by the same device indicating the internal structure of the concrete. This
makes the technique an excellent way to find reinforcement bars as the electric properties of concrete
and metal strongly differ. In theory though, the technique should also be able to detect other internal
differences in concrete, such as voids and corrosion areas but further research is still needed in these
areas.
This aim of this report is to evaluate ground penetrating radar as a non-destructive technique for assessment of concrete structures. In order to do this different tests has been conducted to evaluate the general performance and usability with a literature review introducing the science behind and what conclusions other researches has reached and using a testing methodology to reach the results. The tests can in
a simple way be divided into two parts, first lab tests on a slab in a controlled setting where the internal
structure was known, and then two shorter field trips in order to evaluate the performance properly insitu.
The results were, to some extent, ambiguous. Although it was found that GPR is an excellent method
for finding and locating near-surface reinforcement it was also concluded that the results could vary
significantly depending on the location. In one of the field trips the performance of the GPR technique
was compared to the performance of traditional cover meter and in this case the portability of the cover
meter outperformed the somewhat clunky handling of the GPR. The concrete cover measurement using
post-processing of the radar data gave a rough estimate, but once again evaluation still relied on the insitu conditions and the estimate were sometimes questionable. Finding reinforcement below the first
layer yielded differing results and it was concluded that further tests were needed to fully evaluate the
capabilities of the technique in this regard.
The conclusions of the thesis was that although the tests show some potential for the method the results
expected from GPR would strongly depend on suitability of the project and experience of the user. One
important limiting factor was the availability of devices. For the current project only one specific device
was used, it was theorized that another GPR device could get better results depending on the purpose.
Furthermore, the lack of experience was also considered to be a limiting factor that might have had an
effect on the results. For future research more tests on lower reinforcement and tests on detection of
deterioration were suggested. Comparative studies with other similar non-destructive techniques were
also considered to be an area of possible interest.
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Notations and abbreviations

Notations
Symbol

Description

𝜀

Dielectric constant (farad/meter)

𝜀0

Dielectric constant of vacuum or air (= 8.85 ∗ 10−12 farad/meter)

𝜀𝑟

Relative dielectric constant

t

Time (s)

𝛼

Signal attenuation (dB/m)

𝜎

Conductivity (Ω−1 𝑚−1 )

𝑣

Velocity of the wave underground (m/s)

𝑥0

Horizontal position of object (m)

𝐶0

Speed of light in vacuum/air (= 3 ∗ 108 m/s)

Abbreviations
NDT

Non-destructive Testing

GPR

Ground Penetrating Radar, Georadar, Impulse radar
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1.1

Introduction

Background

Civil infrastructure and structures are susceptible to different kinds of deterioration processes and
defects once built and used. Examples of damages these defects and deterioration processes might lead
to are cracking, bond loss, voids, reduction of cover layer, corrosion, delamination etc. This necessitates
methods to continuously assess the quality of structures in order to avoid problems such as shorter
service life or reduction of structural integrity. With a proper and continuous assessment of the state of
a structure maintenance can be planned in advance and the structural safety can be increased. The
service life can also be increased if the structural integrity of a structure can be proven to meet the
requirements, saving both money and decreasing the environmental impact of the structure.
Non-destructive evaluation (NDE) methods are a number of different technological solutions for solving
the problems with maintenance and monitoring of structures without causing significant damage to the
structure. Likewise NDE can also check the quality of the workmanship and structural integrity of the
structure recently constructed. The evaluation can be applied during any time in the service life of a
structure with different methods depending on the information sought. (International atomic energy
agency, 2002)
Included in the different technologies of NDE for concrete structures is Ground Penetrating Radar.
Ground penetrating radar, often abbreviated as GPR, is a technique originally developed for geophysical
subsurface surveys with the basic principle being transmission of radar waves into a surface and the
measuring of the reflected wave. However, the technique has developed and is now used in a number of
different fields, archeology, ground-water prospecting and finding landmines among others. Although
the concept was known earlier the first results of sending radar waves into the ground were obtained
during the 1950-1960 and the technique has since been in development as understanding of material
physics has increased. (Jol, 2008)
One of the areas in which GPR has developed is as a tool for non-destructive evaluation. In the early
stages of development GPR was primarily used on different road projects, oftentimes in USA although
tests were carried out in Sweden and Finland as well (Jol, 2008). Most often GPR was used as a way to
measure pavement thickness, but some tests were also carried out to detect voids and location of asphalt
stripping. Detection of asphalt layer thickness has been successful; however the same cannot be said
about detection of voids and asphalts stripping which has had questionable results. As such, GPR is
today used in many countries as a tool of monitoring roads with the main application being detection of
pavement thickness. The advantages of the technique in this case being the speed (it is possible to
mount the radar device on a vehicle), accuracy and continuous profile. (Jol, 2008)
During the last few decades development has made pulse radar into an effective technique for investigating the structural integrity of concrete structures (Maierhofer, 2003). Some examples of possible applications of the technique with in the area of structural engineering are the following; the possibility to
assess large areas in a short span, the high sensitivity to moisture content and metal and the quick
overview it gives of the subsurface interior of the concrete. The American standard, ACIS 18, commends that the technique should be used as a way to detect reinforcement location, concrete component thickness and finding different hidden defects such as voids and delamination’s (ACI 228, 1998).
At the same time research on the subject is limited in numerous areas. The ability to detect cracking,
delamination’s and voids is questionable with differing results (Sultan & Washer, 2017) although the
technique has often been applied on infrastructure and bridges few tests has been done on dams
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(Thomas Blanksvärd, 2017). Furthermore, the technique is in many ways still in a research stage. Some
reports shows how GPR can give unreliable results (Barrile & Pucinotti, 2005) whilst other reports show
how GPR can be used for more complicated assessments, such as evaluating reinforcement radius with
complicated post-processing (Mechbal & Khamlichi, 2017).
1.2

Aim

The aim of this thesis is to investigate, evaluate and demonstrate the current state of using ground
penetrating radar (GPR) for assessment of concrete structures. This is done in order to further facilitate
research on non-destructive evaluation of concrete structures with the long term aim of decreasing
maintenance cost and increasing safety of crucial infrastructure. The following are the goals of the
report:
1.3

Evaluate if and when GPR is a suitable method for non-destructive evaluation of concrete
Evaluate the limitation of the technique; the possible weaknesses and strengths
Investigate the necessity for proper standards and best practice
Identify areas for future research in relation and in context to GPR
Fit the technique into a wider context of non-destructive methods
Research question

When and during what circumstances is GPR an appropriate tool for non-destructive evaluation of
concrete structures?
1.4

Limitations

Although it would be interesting to directly conduct tests to analyse the hypothesis of detecting corrosion or larger delamination within concrete structures etc. it is not possible within the timeframe to do
proper laboratory tests or field studies due to the extensive time it would take with planning and execution. The hardware and software available to Luleå Technical University (LTU) is limited as such extensive testing of different hardware/software configuration is not possible and the set-up used might not
be optimal. Furthermore limited initial knowledge of the technique and interpretation will have an
impact on the results and analysis.
1.5

Structure of thesis

Chapter 1, Introduction: Describes the theoretical background of the problem, what this project aims
to achieve and why research is necessary
Chapter 2, Literature review: This chapter describes the current available research on GPR and also
gives the theory behind the technique
Chapter 3, Methodology: Describes how the tests were conducted and why they are relevant to the aim
of the project. The equipment and software used for all tests are described first followed by a detailed
description of the tests.
Chapter 4, Results: Presents the results from the tests followed by an analysis. This chapter is organized
similarly to the methodology section with the lab tests first followed by the field tests.
Chapter 5, Discussion of results: A general discussion of the results which discusses the GPR technique from different perspectives based on the results of the tests and knowledge from the literature
review.
Chapter 6, Conclusions and future work: Sums up the project and discusses the influence of the limitations established in chapter 1. Also includes suggestions for further research related to this project.
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2

Literature review

2.1

Defects in concrete structures

Concrete is a mixture of fine and coarse aggregates held together by cement and water. As the ingredients are mixed, the fluid can be cast and molded into the desired shape and size depending on form
used. As the cement paste hardens the concrete becomes solid. It has good durability and is strong in
compression, however its ability to carry tensile loads is limited, as such it is necessary to reinforce the
concrete with steel where tensile forces are imposed on the concrete structure. Furthermore, the brittle
behavior of non-reinforced concrete makes reinforcement desirable in most applications. (Al-Neshawy,
et al., 2016)
2.1.1 Concrete defects
Cracks in concrete can be caused by drying shrinkage, thermal expansion, freeze thaw cycling and chemical reactions. It can also be caused by mechanical processes such as fatigue or overloading. A surface
crack can be a significant indication of defects in the structure that might lead to failure or loss of structural integrity. Related to cracks delamination can be discussed, which often times are corrosion-induced
and appear as horizontally cracked layers often times 5-15 cm below the concrete surface. Eventually
delamination can cause spalling severely reducing the durability of the structure. In this case detection of
corrosion would be helpful to prolong the service life. (Al-Neshawy, et al., 2016)
2.1.2 Steel reinforcement defects
Degradation of the steel reinforcement can affect the performance of reinforced concrete structures in a
negative way with corrosion being the most probable cause. Corrosion is most often associated with rust,
and the formation of rust causes the reinforcement bars to increase in volume, which leads to cracking
and spalling of the concrete. Furthermore, the effective cross-sectional area of the re-bars is reduced and
the bond between the concrete and steel is weakened. The durability and service life of concrete affected
by corrosion is severely reduced. (Al-Neshawy, et al., 2016)
2.1.3 Brittle failure of post-tensioned concrete caused by voids in tendon ducts
Prestressing concrete is an effective way to increase the stiffness of a concrete structure. The basic principle is introducing internal load into the concrete during the construction counteracts the service load
during use. The prestressing is introduced by stretching the reinforcement steel and this can be done by
two different methods. Pre-tensioning is when the steel is tensioned before the concrete placement,
usually by anchoring it to against a fixed point and then releasing when the concrete hardens. The other
method is post-tensioning where steel cables are put in plastic ducts and placed in the form before the
concrete to be tensioned once the concrete has been put in and hardened. To protect the steel from
corrosion the ducts are filled with grout. Tendon ducts can sometimes have a draped profile in order to
properly be located in the tension zone (Rogers, 2008)
One common defect for post-tensioned concrete bridges is lack of grout in the post-tensioned ducts. If
the tendon duct lacks grout it might initiate corrosion, leading to a “brittle” failure mode. It is therefore
crucial to identify possible ungrouted sections. By finding the tendon ducts and drilling down, an endoscope can be used to find possible voids (International atomic energy agency, 2002).

3

2.1.4 Deterioration phases for concrete structures
In Al-Neshawy, et al. (2016) three major deterioration phases during the service life of concrete structures are established. Figure 1 shows these phases with some additional information.

Figure 1 Deterioration phases for concrete structures (Al-Neshawy, et al., 2016)
First Phase:
Occurs after construction but before corrosion initiation.
Second Phase:
The period between corrosion initiation and crack formation.
Third Phase:
The period after crack formation and structural failure of the structure.
During the three phases, in general, different methods of non-destructive testing are used. For the first
phase, the methods should be able to evaluate the execution details of the construction, such as its
quality and homogeneity. If defects are discovered during this phase, it might be possible to avoid large
repair costs during the latter part of a structures service life. NDT-methods used for this phase should
detect honeycombs, measuring carbonation depth, chloride content, concrete cover and concrete quality.
The second phase is about monitoring the structure during operation. Visual inspections can only detect
defects visible from the surface and the inside of the structure is difficult to assess. NDT-methods should
hence give information about the inside of the structure, such as detection of cavities and air voids.
The third phase requires methods that can assess the cracking of the structure, delamination, corrosion
and reinforcement placing. (Al-Neshawy, et al., 2016)
2.2

Ground penetrating radar

Ground penetrating radar (GPR) is the most used radar technology when it comes to evaluating the state
of concrete and coating. The reason of its wide use can be attributed to a number of different uses. A
major advantage of the method is that it is usable from only one side of the structure, greatly simplifying
its practical use. Furthermore, the technique can be used across the depth of the structural profile being
4

tested. Essentially this means that the technique can be used even if the concrete has an asphalt layer
and as bridges often has an asphalt layer GPR has widespread use in these structures. (Thomas
Blanksvärd, 2017)
The basic principles of the technique are that electromagnetic waves are sent through a material. Due to
the relative shallow thickness of concrete in civil engineering applications GPR devices send short pulses
(microwaves) compared to other radar techniques. Except for its use in civil engineering GPR has also
been used in other fields, such as for determining thickness and structure of glaciers, archelogy, finding
sewer lines, measuring sea ice thickness, detecting hazardous waste etc.
The operating principle of a GPR device is that an antenna is placed above or dragged across the surface
of the desired place of evaluation. Short pulses of electromagnetic energy are sent out to penetrate the
material. As the pulses encounters an interface between two different materials of different dielectric
constant a portion of the energy is reflected back. The antenna receives the reflected energy and generates a signal proportional to the amplitude of the reflected electromagnetic field. Simply put, the greater
the difference of dielectric constant between the two materials, the more electromagnetic energy is
reflected back. Conversely, the same holds true for materials with little difference of dielectric constant
where little energy is reflected back at the interface between the two materials. Figure 2 shows the basic
operating mechanism with the antenna sending out the signal and the energy being reflected back at the
interface of the materials. (International atomic energy agency, 2002)
Typical GPR devices record reflection of electromagnetic signals with frequencies ranging from 20 MHz
to 2 GHz, although some devices have even higher frequencies. The device operates by transmitting a
pulse of three and a half sine waves, down the surface. An antenna with a unit for both transmitting
signals and receiving signals is used, and a control, display and storage unit for interpretation of the
result. The frequency used for the waves is important when using GPR, the lower frequency used the
deeper penetration depth, however the resolution also becomes lower and higher frequencies means
higher resolutions but also shallower penetration. (International atomic energy agency, 2002)

Figure 2 Antenna and the reflected materials (International atomic energy agency, 2002)
The amplitude of the reflected wave is therefore a function of the difference of the dielectric properties
of the two materials and the attenuation characteristics of the material the wave travels through.
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2.2.1 Dielectric properties
A material that is dielectric, a term more commonly known as “insulator”, is a material that conducts
electromagnetic waves. The opposite of an insulator (with low electric conductivity) is a conductor (high
electrical conductivity), where electrical conductivity is a measure of how easily an electrical current
might flow through a material. The change between these two states is gradual and some materials might
exhibit both properties. Thus, if the conductivity of a material is high the electromagnetic waves will
attenuate or weaken the waves resulting in lower depth of penetration. Concrete, asphalt and rock are
examples of dielectric materials with behaviors of both conductors and insulators. There are two properties particularly important to dielectric materials; the real and imaginary part of its complex dielectric
permittivity. Equation 1 describes these two parts of the complex permittivity𝜀. (International atomic
energy agency, 2002)
𝜺 = 𝜺′ − 𝒊𝜺′ ′

(1)

𝜀 = complex permittivity or dielectric constant
𝜀 ′ = real part of complex permittivity
𝜀 ′ ′ = imaginary part of complex permittivity
Since concrete in dry condition can be considered a lossless material with a very low electric conductivity, the imaginary part 𝜀 ′ ′ can be neglected.
The dielectric permittivity is what usually referred to as dielectric constant, as seen earlier in the report.
The name is somewhat misleading as the properties might vary depending on various factors, as an
example the frequency. Per definition, the dielectric constant of a material is the amount of electrostatic
energy stored by unit volume for a unit potential gradient. Usually the dielectric constant is expressed in
a dimensionless form by dividing it by the dielectric permittivity of vacuum (or air). It is then called the
relative dielectric constant.
𝜺
𝜺𝟎

𝜺𝒓 =

(2)

Where:
𝜀 = dielectric constant (farad/meter)
𝜀0 = dielectric constant of vacuum or air (= 8.85 ∗ 10−12 farad/meter)
𝜀𝑟 = relative dielectric constant
The relative dielectric constant also governs the speed of the electromagnetic wave, 𝐶, in a given material.
𝑪=

𝑪𝟎
𝜺𝒓

(3)

𝐶0 = speed of light in vacuum/air (= 3 ∗ 108 m/s)
From these equation (1), (2) and (3) it is possible to make connection between the depth, 𝐷, of a reflecting signal and the time it takes for the signal to reflect, 𝑡 , assuming that the relative dielectric constant
of the material is known.
𝑫=

𝑪∗𝒕
𝟐
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(4)

As mentioned before, the differing dielectric constant between the interfaces of two different materials
determines how much energy that is reflected back to the antenna. For two materials that both are
dielectric this can be shown through the following relation:
𝝆𝟏,𝟐 =

√𝜺𝒓𝟏 − √𝜺𝒓𝟐
√𝜺𝒓𝟏 + √𝜺𝒓𝟐

(5)

𝜌1,2 = reflection coefficient
𝜀𝑟1 = relative dielectric constant of material 1, where the wave comes from
𝜀𝑟2 = relative dielectric constant of material 2
Lastly, the signal attenuation, which as previously said, mostly is dependent on the conductivity of the
material and to a smaller extent the dielectric constant, can be approximated. (ACI 228, 1998).
𝜶 = 𝟏. 𝟔𝟗 ∗ 𝟏𝟎𝟑 ∗

𝝈
√𝜺𝒓

(6)

𝛼 = signal attenuation (dB/m)
𝜎 = conductivity (Ω−1 𝑚−1)
An important factor in the formula above is that the conductivity of concrete increases with the frequency of the signal. Thus, the attenuation will be higher with higher frequencies, more rapidly weakening the waves.
2.2.2 Dielectric properties of concrete and steel
As stated earlier, concrete is a mixture of water, rock (coarse and fine), cement paste and air. The ratio of
water to cement is usually the most important property of the function of the concrete. When it comes
to the dielectric properties of concrete the ratio of water in the concrete is the most significant, even if
the amount of water in concrete usually is low. The reason for this is that the dielectric permittivity of
water (i.e. relative dielectric constant) is significantly higher than that of all the other materials in concrete. The electromagnetic property of water is in turn very sensitive to the amount of salt it contains
making modeling of the dielectric properties of concrete into a complicated topic. (Halabe, et al., 1993;
GSSI, 2017)
Maierhofer (2003) suggests that the following parameters might have an influence on the permittivity of
concrete, and thus must be taken into account when using GPR:






Temperature of material
Moisture content of material
Salt content of material
Pore structure
Pulse frequency

Furthermore, Maierhofers report includes a list which has been complied into a table below, Table 1,
which shows relative dielectric constants at a frequency of 1 GHz for different materials:
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Table 1 Relative dielectric constant of different materials at frequency of 1 GHz (Maierhofer,
2003)

Relative dielectric constant of different materials (1 Ghz)
Material

Dielectric constant (𝜀𝑟 )

Air

1

Dry concrete

5-8

Moist concrete

8-16

Asphalt

3-5

Granite

5-7

Ice

4-8

Water

81

In particular Table 1 shows how important the water content is for the dielectric properties of concrete
as it has a significantly higher relative permittivity compared to the other materials. In dry concrete it is
estimated that a 500 MHz antenna will achieve a maximum penetration depth of roughly 1-2 meters, a
depth which will decline as the frequency is increased (Maierhofer, 2003). In concrete that has not fully
hardened this might cause problems with the readings (GSSI, 2017).
Re-bars in structural concrete are often made of steel. Steel is a metal and will thus be heavily electrical
conductive and the relative dielectric constant can be considered infinitely high. The electromagnetic
waves will as such completely reflect when encountering reinforcement in concrete. For this reason, in
structures that are heavily reinforced, the use of GPR might be a problem as lower layers of bars might
be difficult to detect. In concrete structure with a very high amount of reinforcement GPR cannot be
used effectively at all. Concrete structures with a rebar spacing of less than 7 cm or steel fiber-reinforced
are not even in perfect conditions possible to assess with GPR because of the limited horizontal resolution (Maierhofer, 2003).
2.2.3 Instrumentation
Figure 3 shows the principle use of GPR and including the pulse sent by the antenna and the signal
received. The first layer has a larger dielectric constant than air returning a negative flipped signal,
between layer 1 and 2, the signal will be a positive signal as layer 1 has a higher dielectric constant than
layer 2. Between layer 2 and the air, the same effect is seen although with the signal heavily attuned by
the depth.
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Figure 3 Antenna transmitting and receiving signals (ACI 228, 1998)
GPR can be used on structures with different properties, shape and size. Because of this different configurations exist, with two main classifications, air-coupled and ground-coupled systems. When the
device is air-coupled, the GPR is mounted on the bottom of a vehicle with the antenna about 150 – 500
mm above the surface. This allows for rapid scans of large areas. However, the drawback of air-coupled
antennas is low resolution of depth since the pavement surface will reflect part of the electromagnetic
waves. In ground-coupled systems the antenna is put in full contact with the ground and then used by
moving the device by hand. This is obviously slower, especially on large areas, but the advantage is a
higher penetration depth. (Lahouar, 2003)
2.2.4 Data analysis of GPR-recording
The GPR collects a large amount of information. The interpretation of the results is crucial; usually the
interpretation of the results is the most difficult part of using a GPR device, as experience is required to
make correct interpretations.
The data collected from the GPR are usually presented in three different formats, A-scan, B-scan and Cscan. Most modern devices have the capability to present all three simultaneously. The A-scan is the raw
signal of energy received by the antenna shown as a function of time and signal strength (amplitude).
The received signal in Figure 4a is an example of an A-scan. The B-scan, also known as radargram, is
constructed from the sequence of multiple A-scans related to the position of the antenna. Effectively
what this means is that the depth is represented on the y-axis and the survey distance is shown x-axis
orthogonal to the y-axis. The amplitude of the received signal is often shown as a color-coded intensity
plot, often in grey. See Figure 4b, the collected plot of the traces and Figure 4c for the typical colder
intensity plot. Finally, the C-scan is a collection of B-scans lined parallel to each other, presenting an
overview of the material at a certain depth, see Figure 5. (Scheers, 2001)
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Figure 4 a) Single wave signal. b) Collection of signals across a distance along the surface. c)
Color intensity plot of b).

Figure 5 C-scan or 3d-picture
2.2.5 Reinforcement in concrete
As established earlier, the principal use of georadar for concrete structures is finding reinforcement. In
order to properly understand what to look for in scans it is good to first have a rough understanding of
how reinforcement will appear.
First of assuming the antenna is monostatic (the receiver and transmitter are side by side) and the
ground homogenous, which is often the case with concrete. When the scan is done linearly against the
rebar, the antenna position 𝑥 and corresponding echo time delay 𝑡 will approximately fulfill a hyperbola
equation.
(𝒙 − 𝒙𝟎 )𝟐
𝒕𝟐
−
𝟒
∗
=𝟏
𝒕𝟐𝟎
𝒗𝟐 ∗ 𝒕𝟐𝟎
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(7)

𝑣 = Velocity of the wave underground
𝑥0 = Horizontal position of object
𝑡0 = Time delay for the echo above the object
The apex of the hyperbola will be at the point (𝑥0 ,𝑡) which should also be the location of the reinforcement bar object. This also explains why finding reinforcement in heavily reinforced structures might be
difficult as the hyperbolas will be smaller and more difficult to detect. See Figure 6 for the parameters
and visual representation of the equation. (Wang & Su, 2013)

Figure 6 Visual representation of the hyperbola equation (Wang & Su, 2013)
2.2.6 Hyperbola fitting
Hyperbola fitting is a procedure for estimating the average velocity of the GPR signal for point reflectors
such as metal objects, e.g. reinforcement in concrete. What this means, essentially, is that it is possible to
approximate a depth scale for the scan and with that model approximate the depth to reinforcement or
other possible reflectors with hyperbolic shapes. As mentioned earlier reinforcement usually appear as
hyperbolas in the scans and the ground conditions affect the signal velocity resulting in shaping the
hyperbolic form in the radargram profile. Dry conditions or lower dielectric value results in flatter
hyperbolas since the signals can propagate more easily whilst wetter conditions or high dielectric value
results in “steeper” hyperbolas. Hyperbola fitting is a fairly important post-processing of the data when it
comes to estimating depth. It is also important that the scans are 90 degrees aligned since a slight misalignment will cause an overestimation of the signal velocity. (MALÅ Geoscience, 2013)
2.2.7 Bridge Surveys with GPR
GPR was first used on bridge decks in USA and Canada during the early 1980 and has since been in
development and under research (Grace, et al., 2004). In general, GPR is used on concrete bridges
although it has seen some use in both masonry and wood bridges.
The primary cause of deterioration of bridge decks are corrosion of the steel reinforcement creating
cracks in the structure, which eventually might result in delamination in the concrete. Another process
causing deterioration (in cold climate areas) is freeze and thaw cycles in the concrete, commonly known
as scaling. The deterioration oftentimes starts at surface and then move down through the concreter.
Furthermore, bridges can deteriorate in the process of debonding where the asphalt or concrete overlay
“debonds” from the concrete bridge deck. Concrete cover is a vital part as the deterioration processes
can accelerate if the cover is thin. (Grace, et al., 2004)
Both of the GPR systems, air-coupled antennas and ground-coupled antennas, can be used when evaluating bridge decks. Ground coupled antennas give accurate information about the structure and reinforcement of a bridge, however it can be difficult to collect the information as the lanes have to close
due to the slow data collection. Air-coupled antennas can as such be a practical alternative as it can
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collect information without causing major traffic problems. This can be effective when a quick evaluation of the inner structure of a bridge is necessary, providing a brief overview of the location of the
reinforcement. (International atomic energy agency, 2002)
Ground radar can be used as a way to detect tendon ducts for post-tensioned bridges, which then can be
drilled to check for possible ungrouted areas (International atomic energy agency, 2002). Other than
that, research conducted on the reliability of GPR in assessment of bridge decks is both complicated and
still under research. As an example, there are questions regarding the capability of GPR to detect delamination in concrete where test has shown differing results. One reason for the different results might be
that GPR detects areas with differing electric properties, i.e. moist areas in concrete. These areas are
then often where delamination occur (Sultan & Washer, 2017). The potential of using GPR to detect
areas of potential deterioration however are showing more promising results (Thomas Blanksvärd,
2017).
2.3

Examples of projects using radar

2.3.1 Bridge in Poland
In Poland, the technique of GPR was tested on a pedestrian bridge crossing a railway. The bridge in
question had an arch structure with a theoretical span of 28 meters with deck thickness 50 cm and
cantilever slabs beside the main deck of thickness 20-25 cm. The GPR-device used had a frequency of 2
GHz with which it could roughly reach a depth of 0,5 meters. Figure 7 and Figure 8 shows the test setup and the following results from the GPR-machine.

Figure 7 Picture of the bridge with cantilevered parts and main deck (Lachowicz & Rucka,
2016)
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Figure 8 Picture of the results from the GPR with the characteristic parabolas (Lachowicz &
Rucka, 2016)
As the figures show, the parabolas imply the existence of metal, which in concrete usually means reinforcement bars. The longitudinal reinforcement can also be seen, although less apparent, in the slim
lines that runs parallel to the surface. The lower reinforcement is harder to see on the radar results but
vague parabolas can be discerned in the lower part, implicating transverse reinforcement. The information in Figure 7, which provides the layout of the reinforcement of the cantilevered bridge, confirms
the interpretation. With this said, the example show the difficulty of interpreting radargrams from GPR
readings. Earlier studies on the difficulty of discerning the lower reinforcement is confirmed.
(Lachowicz & Rucka, 2016)
2.3.2 Evaluation of military owned bridge in United States
In the United States the army owns and maintains roughly 2000 bridges of which many lacks design
plans good enough to properly assess their condition and capacity. In order to evaluate the capacity of
some of these structures GPR was used in combination with field load testing. The scans were made
with an antenna of 1600 MHz frequency with a device from GSSI. In addition to this, small holes were
drilled into the concrete in order to determine the size of the bars. A grid pattern was made on different
sites in order to later develop a 3d- image of the reinforcement for better evaluation. See Figure 9 and
Figure 10 for the result achieved.
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Figure 9 Final post-processed picture of 2d-slice of a bridge, the hyperbolas being reinforcement
(Varela-Ortiz, et al., 2013)

Figure 10 3D-picture of another bridge using multiple 2d slices (Varela-Ortiz, et al., 2013)
From Figure 10 it is easy to see where the load carrying beams are located with respect to grid pattern.
The data from the GPR was later used in order to determine safe loading capacities for the bridges.
(Varela-Ortiz, et al., 2013).
2.4

Other Non-destructive testing methods

2.4.1 Covermeter
Electromagnetic covermeters is another method used to evaluate concrete structures with purpose of
finding reinforcement bars. Essentially, a search head generates an electromagnetic field and when the
electromagnetic fields meets metal the line of force becomes distorted with movement of an indicator
showing the distance to the metal. The probe is moved along the surface of the concrete and when the
deflection is at a maximum the bar should be directly beneath and parallel to the probe.
The former British standard BS 1881 (1988) recommend the following use of covermeters:
1. Quality control, to ensure correct location and cover to reinforcing bars after concrete placement;
2. Investigation of concrete members for which records are not available or need to be checked;
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3. Location of reinforcement as a preliminary to some other form of testing in which reinforcement
should be avoided or its nature taken into account, e.g. extraction of cores, ultrasonic pulse velocity
measurement or ‘near-to-surface’ methods;
4. Location of buried ferromagnetic objects other than reinforcement, e.g. water pipes, steel joists,
lighting conduits.
Covermeters are usually portable and should give reliable results if the structure is lightly reinforced. If
the structure is heavily reinforced then there might be problems with achieving a reliable result. In
general, it is good to have the exact bar size for a perfect cover depth measurement since it scales the
distance depending on the bar diameter. The limitation of the technique is that the maximum depth
usually is about 100 mm, and finding lower level reinforcement is not possible (International atomic
energy agency, 2002).
2.4.2 Ultrasonic testing and ultrasound pulse echo
A pulse of longitudinal vibration is produced by a transducer held in contact with the surface of the
concrete being tested. As the pulse is generated by the transducer is sent through it undergoes multiple
reflections at the places of different material phases within the concrete. A system of stress waves is
created of both longitudinal and shear waves which continue to propagate through the concrete. A
second transducer receives the waves coming back and converts the waves to electrical signals. In many
ways ultrasonic testing can be considered to be the sound analogue to electromagnetic waves (radar) as
both methods are about the propagation of waves in concrete structures. The equipment used for ultrasonic testing is a pair of transducers, a pulse generator, amplifier and a timing device for measuring the
time intervals between waves (IAEA, 2002).
Ultrasonic testing are primarily used to detect thickness of concrete, depth of cracking, delamination’s,
detection of defects, interface between the concrete and foundational rock. Just like radar ultrasonic
methods produce a 2-D slice image of the concrete structure for interpretation. Figure 11 shows MIRA
Tomographer, a type of ultrasonic testing, performing a scan. (Germann Instruments, 2018)

Figure 11 MIRA device performing a scan (Germann Instruments, 2018)
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3

Methodology and Tests

3.1

Equipment

3.1.1 Quantum mini radar device
For the GPR measurements, the Quantum Mini from USradar has been used. The Quantum Mini
provides scans at 1000 MHz and 2000 MHz simultaneously, making it possible to both provide a high
resolution scan near the surface and a low resolution scan below. The alleged depth of the 1000 MHz
antenna is 1,8 meters, however in field it might vary depending on the situation and material, as previously established. The dual-frequency function makes it easier to interpret results and increases the
versatility of the device for different concrete structures. The device is ground coupled, which in optimal
cases provides little to no interference by the surface. Distance of the scan is measured through one of
the back wheels. The construction of the device makes vertical measurements possible as well measurements on somewhat inclined surfaces. The device also provides a laser alignment system, ensuring an
easy way to follow lines along a grid. The device has an in built computer allowing complex postprocessing during scanning (see 3.2.1) but it is also possible to export the data to a computer for further
post processing. Figure 12 show the device. (USRadar, 2018)

Figure 12 The Quantum Mini (USRadar, 2018)
3.2

Software

3.2.1 SPR Super Scan Software and matGPR
SPR super scan software was used for most of the on-site post-processing since it was available on the
machine. The software provides most of the typical and basic functions but lacks the ability to do 3Dscans with only the basic license and was thus not appropriate for all of the tests. It is also somewhat
limiting using the device for all post-processing hence why SPR is not used for all radargrams either.
For the other post-processing matGPR was used which is a freely distributed software developed for
research and education (Tzanis, 2010). matGPR can be used for processing of radargrams and utilises
matlab to process the data from the scans. The program allows for basic c-scans (3D-scans) which is also
the main reason it was used in the tests (Tzanis, 2010). It was also used in during the post-processing of
the bridge in Boden since SPR Super Scan wasn’t enough for the necessary procedures.
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3.2.2 Post-processing
Background removal:
Removes the global backgrounds trace for the data. In effect this means the varying continuous signals
are removed from the data, most commonly the surface signal and similar signals that last throughout
the scan. This greatly simplifies the interpretation making it easier to see the hyperbolas and underlying
structure. It should be used with some minor care since it sometimes might remove desirable results.
Most of the scans in the result have this effect applied. See Figure 13 for a visual representation. (Tzanis,
2010)

Figure 13 Left: No background removal. Right: Background removal
Gain:
The gain process scales the amplitude of the received signals forming the radargram. The true signal
strength is lost but is usually necessary to apply some gain to the data to achieve interpretable results.
Gain can be applied to varying degrees, if too much gain is implemented the result will be nonsensical, if
too little uninterpretable. For the tests gain has more or less been put into all radargrams. The amount
of gain for the tests has been applied by using trial and error method to achieve good result. See Figure
14 for an example. (Tzanis, 2010)

Figure 14 Left: No gain. Right: Gain applied
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3.3

Laboratory test on concrete slab

3.3.1 Detection reinforcement 2d-scans
In order to test the ability to detect reinforcement initial tests were conducted on a concrete slab. The
slab had the size of 4,40x1x0,3 m placed on a steel girder roughly 1.5 m above the ground. The tests
were conducted with the Quantum Mini on frequencies of 1 GHz and 2 GHz.
In order to simulate a realistic situation where little is known about the internal reinforcement in a
structure no prior information on the amount of reinforcement was known to the user and later interpreter of the results. The slab was casted by another group of people for use that gave out no information on the internal structure of the slab. After the tests were done, the reinforcement were attempted to be mapped. This mapping were later compared with the drawings from the casting in order to see
how precisely the reinforcement could be predicted.
The test is fitting since it can both test the ability detect reinforcement but also the amount of training
and testing that might be required to use GPR in a reliable way if the initial results are unsatisfactory.
The prior knowledge of GPR was limited, with a day of training of use with testing in order to understand the basics of the device, mainly on how to operate the quantum mini. The knowledge on how the
results should be interpreted is in general the same as the information from the literature review.
Furthermore, the tests were to some extent used as a practice for the future field studies. Training was
needed in order to ensure that the following tests could be made reliable.
The goal of the test was the following:
 Location of reinforcement bars, in both the longitudinal and the transverse direction of the slab
 Measurement of the concrete cover of the upper/lower reinforcement bars
 Measurement of thickness of the slab (Note that this is already known beforehand by visual inspection)
 Evaluation of the amount of experience needed for operating the machine and interpreting results
The slab was assumed to be symmetrical. Although it was not the general goal of the testing, tests were
also run on the depth of the slab.
The slab was not fully hardened by the time of the measurement, but beforehand it was assumed that it
would not be a problem, and if it was a problem then the result would most likely just be minor “noise”
in the results.
The expected result is that it should be possible to locate the reinforcement bars. At least the upper layer
should be easily distinguishable. Since it is unknown beforehand whether there are multiple layers of
bars it is more difficult to say if a second layer is visible. It is also hard to know if the slab is symmetric
across the depth, although the slab should be symmetrical across the width and length. Knowledge
about the orientation and service application of the slab is also unknown. This might be a limitation as
in an in situ situation some knowledge about orientation and use is expected. See Figure 15 below for
test setup.
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Figure 15 The Quantum mini on the slab
3.3.2 3d-scan of slab
In order to fully evaluate the capabilities of the radar a 3d-scan (alt. c-scan) was done of the slab. The
ability to do 3d-scans is important in the interpretation of the data scans as it allows for easier interpretation of data. This makes it possible to identify features that might not be visible or “interpretable” on a
regular 2d-scan, such as diagonal reinforcement. It is important to remember that the 3d-scans are not
necessarily 3d per se, but rather the collection of multiple 2d-scans aligned with each other with an
interpolation applied in between. The test will hopefully demonstrate the full ability of radar as an
interpretational tool of showing the internal reinforcement of concrete, where the reinforcement is
compared to the drawings and slab directly.

Figure 16 Test setup for the c-scan
The scans were done on the same slab as the previous section but on the other side of the slab, i.e. on
the side of the tension reinforcement. The grid pattern used was to a large extent decided on site depending on what was appropriate. Since the scans were made from below the slab making the scans was
fairly uncomfortable, not allowing for complicated or a fine grid pattern. It was deemed unnecessary to
do a full scan of the slab, an area of roughly 2 m length and 0.7 m in width was chosen of the total of
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4,4x1 m area. In the long direction seven scans were made with a space in-between of 10 cm, the scans
were made along the width with a spacing of roughly 14 cm. One possible difficulty identified during
the test was the difficulty of getting straight scans, especially in the long direction where a slight misalignment could heavily impact the result in the post processing. Figure 16 and Figure 17 shows the slab
on location and on drawing, on Figure 17 Figure 1the scan location is in striped red and were made
below the slab.
The post-processing was done in matGPR, the program only allows for 3d-pictures of scans along one
single axis. This means that the results of this test are two pictures, one picture of the transverse reinforcement and one of the longitudinal reinforcement. Each scan is post-processed before being put into
a 3D picture. Like in the other tests the Quantum Mini was used for the scans.

Figure 17 Picture of the slab from above showing the zone (striped red) of the c-scan.
3.4

Field tests

To get a better understanding of how the technique might perform outside a laboratory setting two field
studies were planned, one on a dam in Vilhelmina and another one on a bridge outside of Boden. The
two field trips provided situations with different conditions that would give a rough idea on what projects GPR might be appropriate for.
3.4.1 Dam in Vilhelmina
On a dam in Vilhelmina Luleå Technical University was tasked with providing a subsurface imaging
report of a concrete surface area. The concrete dam had to be strengthened by fiber-reinforced polymer
bars with grooves into the surface which had to be located within the concrete cover in order to avoid
cutting the existing steel reinforcement. The situation provided an opportunity to study GPR for a
typical problem that might arise often in field. In order to ensure results and give a comparison a cover
meter was also brought and used as a comparison to the GPR. Even if the main goal of the evaluation
was to give an outline of where the cracking reinforcement was located a secondary goal was also to see
whether the inner reinforcement could be detected as well. This reinforcement should be slightly inclined along horizontal axis and since it is deeper inside it will not be detectable with the cover meter
but only possibly by the lower frequency radar scans. As these reinforcement were inclined it was unlikely that they would show up on the horizontal and vertical scans, as such two scans were made across the
grid pattern at roughly 45º from the axis an angle based on estimations from the previous supplied
drawings. It was established quickly on site that an attempt to create a 3d-scan of the interior was not
possible in the short time allowed. Figure 18 show the problem for the dam, the grooves and the locations of the outer reinforcement according to the supplied drawings.
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Figure 18 Grooves and outer reinforcement
The test was conducted by first establishing a coordinate system used later for guidance. The coordinate
system was made using an alignment laser tool with an accuracy of roughly ±0.3 mm/m and self-levelling
capability in the range of ±4°.
The measurements were made along one of the supports of the dam both near the top of the support
and near the bottom close to the water. As the location was a workplace for other maintenance work on
the dam a scaffold had already been constructed along the wall allowing access to the lower levels. The
scans were made on the 9th of April with some minor time pressure. See Figure 19 to Figure 21 for
pictures of the scans.
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Figure 19 Wall of the dam

Figure 20 Vertical scan

Figure 21 Horizontal scan
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In summary, the following were the goals of the test in relation to the thesis:
 Providing an opportunity to study radar as a non-destructive technique in a real project
 A comparative study between two non-destructive techniques; Cover meter and GPR
 Studying GPR on a fairly atypical location i.e. a dam
The expected result of the test were that detection of the upper layer of reinforcement should be possible, however once again detecting the lower reinforcement would be somewhat more difficult especially
considering that knowledge regarding the exact incline of the lower reinforcement were not available.

3.4.2 Mannhemsgatan Bridge
The tests were performed on a railway bridge in Boden on the side of the lateral side of the bridge deck.
In contrast to the tests on the dam in Vilhelmina there were no specific practical goals with the test.
Instead the test were mainly set up to try the capabilities of the device in field since another project were
ongoing at the same time, closing the road off and providing an opportunity to do test in a safe manner.
However, since the drawings were available the idea was to see whether it was possible to fairly accurately
detect the reinforcement of the bridge. The bridge is a concrete railway bridge, with three spans, the
middle span 19.5 m and the other two 16 m. The bridge is a concrete through bridge with two concrete
beams carrying the load of the train along the length, see Figure 22.

Figure 22 Drawing of a cross-section of the bridge; train track in the middle and the load carrying beams on the side
The test was done roughly two meters from the support on the sloping vertical side of the bridge with a
basic grid pattern set up in order to both capture the transverse and longitudinal reinforcement that run
across the bridge. The scans done upwards should see the possible longitudinal reinforcement and the
scans done parallel to the bridge longitudinal direction should detect the transverse reinforcement.
The goal of the test can be summed up as the following:
 Using the technique in a more favourable environment than the dam test
 Detection of transverse and cracking reinforcement, see Figure 23
 Attempts to find the load carrying reinforcement within the beam, see Figure 23
Like the dam the expected results was that finding the upper layer of reinforcement i.e. the transverse
reinforcement and the cracking reinforcement would be possible without major problems. Considering
the previous problem of finding the lower layer of reinforcement finding layer the chances of finding
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load carrying reinforcement within the bridge were lower. As the environmental conditions by the
bridge were superior, the results were expected to be more even and reliable.
The tests were performed by the Quantum mini, scanning at both 1000 MHz and 2000 MHz, postprocessing was made partly by the program built into the Quantum mini, SPR Super Scan Software
3.01. Additional post-processing was made with matGPR. The area scanned is shown in Figure 24.

Figure 23 Load carrying reinforcement; Right: Transverse and cracking reinforcement

Figure 24 Area of scans
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4

4.1

Results

Laboratory test on concrete slab

Slab: 1 m width. 4,4 m long. 0,3 m thickness.
Each arrow indicates a reading going forward in the direction of the arrow. Two tests in opposite directions on each side were made across the width in order to properly cover the whole length, for practical
reasons the tests have to start roughly 20-30 cm from the edge (size of GPR). This was not done across
the length since the measurements were only done on one half of the slab anyway, reaching one edge.
Tests were only done on one half of the slab, expecting symmetry for the other half.
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Line 1:
2000 MHz:

1000 MHz

Two clearly visible parabolas indicating a longitudinal
upper rebar at the middle of the slab and one roughly
1/3 in. The half hyperbola toward the end of the slab
indicates a long. bar close to the edge. The halfhyperbola at the beginning indicate a bar as well
(should be visible on line 2). The results are muddled
by a “halo” effect making the scan hard to interpret,
the halo effect being the multiple hyperbolas appearing at the same distance in the x-direction in spite of
the fact that there is only one reinforcement bar at
the location.
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Poor measurement with difficulty in detecting the
bars. But clearly visible is the half-hyperbola towards
the end confirming the answer from the 2 GHz
reading.

Line 2:
2000 MHz:

1000 MHz

As expected similar results to line 1, confirming the
result. The reinforcement and is symmetrical and
once again the rebar close to the edge is confirmed

Also a muddled measurement with difficult results.
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Line 3:
2000 MHz:

1000 MHz

As previous measurements.

Much better deep reading clearly showing the hyperbolas.
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Line 4:
2000 MHz:

1000 MHz

As previous. (confirms Line 1 and 2)

Same as previous
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Reinforcement shear:

Line 5:

2000 MHz:

1000 MHz

Somewhat difficult hyperbolas probably due to low Same as 2 GHz. Somewhat easier to interpret and see
spacing (measured from the GPR roughly 10 cm),
the distance in-between.
counts roughly 9-10 hyperbolas indicating a rebar
every 10 cm.
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Line 6:
2000 MHz:

1000 MHz

Slightly worse scan than the previous for 2000 MHz.
The hyperbolas is still possible to see but

Same as previous.
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4.1.1 Conclusions before drawings:
4 upper reinforcement bars in the longitudinal direction and one each 10 cm in the transverse (stirrups).
Long reinforcement:
Concrete from the edge is lower than 10 cm, otherwise the full hyperbola of the outmost bars would be
visible, and therefore probably around 5 cm this utmost bar can be seen most clearly on the 2000 MHz
scans (see line 3 and 4) on the right hand side. One bar is obviously in the middle judging from all the
scans but most clearly the hyperbolas can be seen on the 1000 MHz scans of line 3 and 4. As the bar of
the first third is not visible from the beginning of the reading the bars of the first third is probably
somewhat less than 30 cm from the edge and it is probably at around 25 cm from the edge. This indicates bars, if either edge can be put as origin point, at: (5 cm; 25 cm; 50 cm; 75 cm; 95 cm). As said
before it is difficult to decide the exact location of the bar by the edge. Figure 25 show a drawing of the
assumed location of the reinforcement.
Transverse reinforcement:
The spacing is 10 cm, implying a total of 43 stirrups across the slab if 5 cm of concrete to the edge is
used.

Figure 25. The preliminary model of how the inner structure of the slab might look
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4.1.2

Drawings of slab:

4.1.3 Comparison of result and drawing:
The drawings and the result shows a correlation in the number of reinforcement both for the transverse
and upper longitudinal. The distance between reinforcement and exact location is harder to detect,
especially with regards to the second reinforcement bars in the longitudinal direction. In the interpretation these were put at 25 cm from the edge. In reality, they are probably put precisely in between the bar
in the middle and the bar 5 cm from the edge, at 27,5 cm from the edge. This could be an error caused
by the relative lack of experience with software and technique however.
4.1.4 Lower reinforcement
The lower reinforcement is difficult to see but is detectable to some extent, see Figure 26. As can be seen
the lower hyperbolas are somewhat offset from the upper reinforcement, which is consistent with the
fact that the lower reinforcement is somewhat larger in size and that they should appear slightly earlier
(according to the drawings). The depth conversion is more difficult though as matGPR provides poor
tools to evaluate the depth to the reinforcement. Secondly, the scan shows three hyperbolic structures
below each other, saying which one indicating the exact depth of the lower reinforcement is difficult.
Most likely the third is correct since it seems that below this point the slab ends where approximately the
lower reinforcement should be located, but the interpretation is in this case difficult. Finding the lower
transverse reinforcement has not been attempted to any extent since it should be precisely below the
upper transverse reinforcement making reliable detection very difficult. It should be pointed out that the
concrete mesh for this slab is fairly close with 10 cm between the transverse rebars making detection
somewhat difficult.
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Figure 26 Lower reinforcement visible as the slightly offset parabolas below.
4.1.5 Hyperbola fitting
In order to test the program hyperbola fitting was tried in order to see whether it would be possible to
measure the speed of the wave. The answers were unsatisfactory with the program SPR super scan software giving a dielectric of 1.37 which is unreasonably low. It is difficult to say whether the program lacks
the proper function or whether it is the limited knowledge of the author that is the problem. See Figure
27 for the process.

Figure 27 Upper left: Hyperbola fitting, Upper right: Length scale after hyperbola fitting,
Down: Scale after manual adjustment (concrete cover from drawings)
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Hyperbola fitting was also done in matGPR to see whether better results could be reached. Better results
were reached but the process itself was somewhat vague and its questionable if the process could be
reliably repeatable. However, since the results were better matGPR has been used for hyperbola fitting
purposes for the field studies. For comparison, the dielectric value given was 6.5. See Figure 28 for the
process.

Figure 28 Left: The hyperbola fitted, Right: the depth of roughly 24 mm, which is close to the
real value of 20 mm
4.1.6 Thickness of slab
Measuring the thickness of the slab seems to be possible but like the hyperbola fitting for concrete cover
measurement it is a rough estimation of the thickness. Two scans are shown to illustrate the thickness.
The depth has been scaled after the drawings and the real depth of the slab (as mentioned) is 30 cm.
The measured thickness is not far off the real value of 30 cm but once again the estimation is kind of
rough if more exact values are desired. See Figure 29 for the scans and the area indicating the depth.
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Figure 29 Two scans of a slab (1000 MHz), at roughly 0.32 m the scan shift indicating the
thickness of the slab
The measured thickness isn’t far off the real value of 30 cm.
4.2

C-slice of the slab

The following, Figure 30, is the grid pattern established:

Figure 30 Grid pattern established, 15 scans in short direction and 7 in long direction
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4.2.1

Longitudinal scans showing transverse reinforcements

Figure 31 Collected 2D-scans

Figure 32 3D-scan. The cross-section of the slab as imagined standing below the area designated
Figure 31 shows the scans lined up and aligned before the collection into a 3D-picture, the following
Figure 32 shows the 3d scan of the area made from the collected 2D-scans at a depth corresponding to a
reflection time of 1.3 ns. The black areas are areas of reinforcement whilst the white show the nonreinforced areas. As the distance between the bars is only 10 cm the pattern comes across as quite close
together in spite of the fact that the bars don’t really cover as much area as the black bars might imply.
Some parts of the scan are noticeably poor, especially the 60 cm – 140 cm in longitudinal direction and
0-20 cm in short direction. There could be many reasons for this but it is likely caused by a slight incline
during the conducting of the scans misaligning the first two scans. The small misalignment means that
the process of interpolation made in between two scans by the post-processing is not good enough for an
interpretable result for the affected parts. Otherwise the scan clearly visualise the reinforcement pattern
of the transverse reinforcement, with only minor issues.
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4.2.2

Transverse scans showing longitudinal reinforcement

Figure 33 3D-scan of the longitudinal reinforcement, the black area indicating reinforcement
and white non-reinforced area.
Figure 33 show the internal structure of the concrete with the reinforcement as the black areas and
white areas as the non-reinforced part. In the picture three bars are clearly visible with the fourth bar
barely visible because of its location by the edge of the slab. The small change of direction of the slab is
most likely an alignment error and should not be interpreted as the reinforcement not being straight.
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4.2.3

Summation 3D-scan

Figure 34 Summation of the scans in relation to area of the slab
Figure 34 shows the scans and slab side by side and provides a simple interpretation of the reinforcement close to the scanned surface. From this picture it is easily apparent where the reinforcement is
located, both in the long and short direction, furthermore the result is easy to compare the real drawing
granted that the depth of the 3D-slice is properly explained. Something that can be learned from these
tests is the necessity to always align the scans as the result might be misleading otherwise. In this case it
does not make a big difference but when conducting real tests in situ it should be more precise. However, as mentioned earlier, doing the measurements below the slab made it difficult to do the scans
straight. Furthermore 2 meters in the long direction in this case was probably too long for one scan. In
the future the length of the scan should be considered in relation to the conditions.
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4.3

Dam Vilhelmina

4.3.1 Assessment of surface and situation
A complication immediately apparent on site was the uneven surface of the concrete dam. Some moisture on the wall was also present, especially on the lower wall of the dam near the water. It was established on site that getting reliable result might be difficult considering the surface and the ground coupled antenna of the quantum mini. Furthermore, the time and space were somewhat limited which
meant that solutions to compensate for the surface were not possible. For the aforementioned reasons a
more detailed 3D-scan of the wall was not done either. For the cover meter however, the uneven and
occasionally moist surface of the wall was no problem and the results were considered reliable.
4.3.2 Grid pattern
The following grid patterns (Figure 35) were established:

Figure 35 Grid-pattern for the dam in Vilhelmina, left lower level, right upper level
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4.3.3

Result from covermeter

Table 2 Depth of reinforcement mesh lower level
Point scan (horizontal Cover depth (mm)
bars)

Point
bars)

scan

(vertical Cover depth

x1

43

y1

40

x2

51

y2

40

x3

34

y3

40

x4

44

y4

27

x5

48

y5

37

x6

32

y6

27

x7

31

y7

47

y8

41

Average

40.4

37

Standard deviation

8.05

7.46

Table 3 Depth of reinforcement upper level
Point scan (horizontal Cover depth (mm)
bars)

Point
bars)

scan

(vertical Cover depth

x1

39

y1

37

x2

42

y2

36

y3

38

Average

40.5

37

Standard deviation

2.1

1.4
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4.3.4 Results radar
Three measurements were made horizontally on bottom side, three vertically on the bottom, and one on
the top. The hyperbolas on the horizontal scans show the reinforcement perpendicular to the scan i.e.
the reinforcement on y points, vice versa to the vertical scans.

Figure 36 Horizontal scan between x4 and x5, right to left, 1000 MHz antenna
Figure 36 show the best result achieved on the horizontal measurement on the bottom side. As clearly
visible the results from the horizontal scans are heavily disturbed and it is barely possible to make out
the hyperbola pattern implying reinforcement. Above the hyperbolas the noise is visible as the black and
white pattern appearing. With this said, it is possible to see and measure the distance between the rebars
and it gives an impression of what the internal structure of the vertical reinforcement (according to the
grid) might be like.
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Figure 37 Vertical scan between y4 and y5, upwards. 2000 MHz antenna
Figure 37 shows the vertical scan between y4 and y5, once again the signal is not clear. It is possible to
make out the reinforcement but it is not possible to make any further deductions. The noise prior to the
first reinforcement layer is visible like the horizontal scan.

Figure 38 Inclined scan with 1000 MHz antenna
In Figure 38 the perpendicular scans is shown, with the goal of finding the looped reinforcement. In the
red square hyperbolas can be seen which might indicate the lower reinforcement. See appendix A1 for
the looped reinforcement. A simple depth calculation using the depth received from the cover meter as
a synchronizer gives a depth of roughly 216 mm, see appendix B for depth. The location is not definite
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or certain, further tests should be done to confirm if the results hold. Ideally, a 3D-scan should be done
which can show the direction of the reinforcement, but as mentioned earlier the situation did not allow
for more full tests. Still, the scan shows that there is potential to find the reinforcement. The reflections
at the top of the radargram indicate the places where the vertical and horizontal reinforcement meet.

Figure 39 Horizontal scan high level of dam. 1000 MHz antenna
The high level scan, see Figure 39, is strange in the sense that it seems to indicate some reinforcement as
higher than other, showing the unreliability on either the device or the construction of the dam. The
cover meter does not see the same pattern and perhaps, if more time would have been available, it
would be interesting to try and match the hyperbolas properly to the cover meter scans. It would also
probably be good to do one or more additional scans of the top level.
4.3.5 Depth dam conversion for radar with hyperbola fitting
When evaluating the depth of the reinforcement from the GPR scans with hyperbola fitting the following result was found. First the lower level from Figure 40:
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Figure 40 Depth conversion with hyperbola fitting for the lower level
The conversion gives an estimation which might be correct but is ultimately considered to be unreliable.
Which hyperbola that indicates the correct depth of the reinforcement is difficult to assess since there
are multiple levels with the first one being weak. If the pattern closest to the top is used the results to
some extent aligns with the cover meter, the lower “clearer” pattern is probably not correct since the
depth would be almost twice the drawings and two to three times the cover meter which is incorrect.
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For the top level a similar hyperbola fitting was done, Figure 41:

Figure 41 Depth conversion of the upper level with hyperbola fitting
The depth of the upper level shows four clear hyperbolas and hyperbola fitting after the first one gives a
depth of roughly 5 cm. It’s in general easier to interpret these results but with this said the results are
uncertain since the scan might have been somewhat inclined (see 2.2.6). The depth is higher than what
the cover meter acquired although the scan in general seems unreliable (considering the hyperbola
pattern, see earlier) and the cover meter is thus considered to show more correct results. The dielectric is
calculated to be 5,375 with a wave velocity of 0,056 m/ns.
4.3.6 Summation of results of dam
In summary it can be concluded that in this test the cover meter provided a more reliable result, was in
general easier to use and would also have been a cheaper alternative. The GPR do provide some additional knowledge of the structure that can be used supplementary with cover meter and ensures more
full results. It tells us the general reinforcement pattern and mesh of the dam. It would have been good
to study the upper level more with at least one more additional scan as well.
With this said, under better conditions and with more time available, considering the promising result
of finding the lower curved reinforcement this reinforcement could have been properly identified in
which case the GPR scans would have provided a full result. Once again, there is also the question of
experience, the cover meter was easy to learn and use, the question is whether a more experienced user
of GPR could have extracted more knowledge from the scans.
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4.4

Bridge Boden

Figure 42 Placements of scans, units in mm
4.4.1

Horizontal scans

Figure 43 M1-H, above 2000 MHz, below 1000 MHz
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Figure 44 M2-H, notice the differing hyperbola pattern, indicating a change between the horizontal scans. See appendix A3 for the other scans
4.4.2

Vertical scans

Figure 45 M1-V, clearly showing the upper layer of reinforcement. The other two scans are very
similar see Appendix A4.

48

4.4.3 Hyperbola fitting
In order to measure the concrete cover hyperbola fitting was done according appendix A2, with Figure
46 showing the results. The hyperbola fitting was done on the transverse reinforcement since it is the
outer layer of the upper reinforcement.

Figure 46 Hyperbola fitting giving a concrete cover somewhat below 4 cm
According to the drawings this measured concrete cover is not unfeasible although considering the
earlier tests but the process is still considered to be somewhat unreliable. The dielectric would be around
5 which is also somewhat low nevertheless, this estimation is not too unreasonable.
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4.4.4

Lower reinforcement

Figure 47 the area outlined by red square shows the hyperbolas of the lower reinforcement
The post-processing applied to Figure 47 was both AGC (Automatic Gain control) at 5 ns and background removal (i.e. stacking). This enhances the visibility of the lower and upper hyperbolas for a more
visible interpretation. The depth to the lower hyperbolas can be calculated by the simple equations from
2.2.1. If it is assumed (judging from the drawings) that the upper reinforcement lies on about a depth of
5 cm the depth will be roughly 13,7 cm down which can imply that the lower hyperbolas coincide with
the lower reinforcement. See Appendix B for the depth calculations.
4.4.5 Analysis scans of bridge in Boden
In general, the smooth surface compared to the dam in Vilhelmina allowed for better and more reliable
results. The depth estimation seems to be somewhat reliable but obviously it is an estimation of the
depth. The scans show an interesting exception with one extra bar appearing close to the bottom in the
transverse direction and it has not been possible to locate this bar on the original drawings so it is possible that this hyperbola is something else and it would be interesting to scan other parts of the bridge on
a similar level to see whether this bar is visible on all scans. Lastly, hyperbolas that seem to indicate lower
reinforcement is detectable but uncertainty exist due to the lack of proper laboratory tests for detection
of lower reinforcement.
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5

5.1

Discussion of results

Usability

All of the tests, depending on the specific condition on site, encounter difficulties when operating the
device. The initial tests on the slab, which was not made specifically for this test, shows that a surface
with only small irregularities or rough and jagged spots complicates the scanning process. Furthermore,
the somewhat awkward size of the device used with the scan distance carried out by the back wheel can
also cause complications in getting reliable scans. The second test on the slab, the 3D-test, confirms the
conclusion albeit in a different way. Using the device in a position from below is difficult as well even if
the surface is comparatively smooth, a difference between this problem and the other one however is
that it should be possible to plan ahead and still get good result while problem of uneven surfaces is
hard to avoid while using a ground-coupled antenna at least.
The dam further enforces this conclusion. Whilst the cover meter quite easily without difficulties extracted decent result the Quantum Mini was difficult to handle along the surface of the dam. In this
case, under the somewhat difficult circumstances, the more portable nature of the cover meter trumps
the more bulky and heavy radar unit. The other field study of the bridge with a smooth and even concrete surface is an example of a situation where the radar unit would give comparable or good result
under a shorter amount of time. This under the conditions that the information sought is similar and
the area of interest is not too inaccessible, e.g. below the bridge or similar positions.
In a way the results are not unexpected. Georadar is in general marketed and primarily considered to be
a technique used for bridge inspection where flat surfaces are to be expected. On the other hand there
surely are radar devices more fit to the purpose of dam inspection. A limitation that was set up in the
beginning was about the hardware where only one device was available. With access to more brands it is
probably possible to find a model more fit for the purpose of dam inspection.
5.2

Analysis of results finding reinforcement

The primary use of GPR is finding the location and depths of reinforcement; the result varies, but is
generally positive. In general, the GPR manages to locate the amount of reinforcement and the spacing
without major problems. Especially when the settings are ideal or close to ideal detection of close reinforcement is no problem. However the previous section of field circumstances still apply and there are
times where detecting reinforcement is difficult or require somewhat more complex post-processing to
get good results. It is noticeably harder when the reinforcement pattern is close but it was never impossible to get result of the upper reinforcement which correlates with the literary review where 7-8 cm
spacing was considered to be the smallest spacing between the reinforcement. The 3D-mapping showed
that reinforcement which slightly changes direction is also possible to detect, granted that the scan is
made properly. Something to have in mind though regarding these results is that a cover meter also can
achieve good results as seen in the dam test. In a situation where the conditions are unusually difficult
and no further information except the first layer of reinforcement is requested, the cover meter is probably a better choice.
Detection of lower reinforcement however was more difficult and gives vague results. The postprocessing is in general more difficult and requires more knowledge about the device and the technique.
It also usually requires some knowledge about the structure, where reinforcement is to be expected and
where it should supposedly be found. It is speculated that in an ideal situation, where conditions are
good and the reinforcement mesh is fairly open, finding lower reinforcement should be possible, but
further test in a laboratory setting should be done to confirm the results in the report.
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5.3

Experience needed for interpretation and use

A common problem for GPR, as seen in the result and the literature review, is interpretation of the data
collected. The results are considered to be split on this issue. One the one hand, interpretation and
finding upper reinforcement bars is simple, both when it comes to practical use and interpretation.
However, further and more complicated interpretations require post-processing, experience and
knowledge about the structure and information sought. Some of the analysis, such as fairly precise
hyperbola fitting, should be possible, at least to certain extent according to most information on the
subject. Here it is probably the authors own knowledge together with the limited software selection
which limits the interpretation. Some sources point towards a future development which might be able
to do the hyperbola fitting automatically which might eliminate this interpretational problem.
5.4

Slab thickness and concrete cover

Both the slab thickness and the hyperbolas seems to give a rough estimation of the depth, however when
it comes to measuring the concrete cover as stated earlier more precise measurements is desired and the
same applies to the thickness estimations. Still the results are somewhat promising in these areas and as
an estimate it still might be useful in certain situations. In general though, unless the user has a robust
background with previous test with good knowledge of hyperbola fitting (see 5.3), it is better to estimate
the depth using another method, like drilling to reinforcement or using a cover meter.
5.5

Recommendations for use

In order to summarise and as a directive for use the following list has been complied to inform future
users on what to know when using the device to ensure good results:
 Evaluation of the site i.e. is the site appropriate for the device and allotted time available
 Results expected depending on skills and experience of the operator
 Access to machines and post-processing software suitable for the purpose
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6

6.1

Conclusions and future work

Conclusion

To sum up the results, using radar as a way to locate and find reinforcement is in general not difficult.
Finding upper reinforcement is always possible under good circumstances even with little or no training
in the technique. With this said a cover meter can achieve the same results, sometimes faster and often
cheaper depending on the situation. However, finding lower reinforcement is more difficult and requires some more practice and knowledge of the technique, the thesis does not wholly provide satisfactory results in this regard.
The other results show a similar pattern. In general knowledge, of the technique and GPR device is the
key to good results.
6.2

Discussion on limitations

The major limitation that I believe has had an impact on the result is the somewhat limited selection of
hardware/software. The only device available to the result, the Quantum mini, has some clear limitation
in its design and was obviously not designed with dam evaluations in mind. The software was also in
general limited, the 3D-scans were made with matGPR but matGPR has some limitations when it comes
to 3D-scans, as it lacks an ability to overlap to different scans. Furthermore, the software also has a steep
learning curve in the same way the machine and technique in general does and the depth/distance
translation from device to computer was somewhat difficult with matGPR, requiring a manual input of
coordinates. I think that with another software/hardware configuration, possibly with some experimentation, better results can be reached depending on what the purpose is. As an example, if the primary
purpose is finding lower reinforcement or post-tensioned reinforcement in bridges one program and one
specific device is ideal meanwhile if the purpose is identifying areas of deterioration another software/hardware configuration could be used. With this said, having an arsenal of equipment is often
not possible due to costs and it is unrealistic to experiment too much. Having a software program more
suited to concrete and the quantum mini instead of matGPR would have been helpful.
6.3

Future research

Further testing when it comes to detecting lower reinforcement is something that should be done. How
close together can the upper mesh is and how deep the scans can detect are questions that I believe
would be interesting to answer. Furthermore, it would be useful to do a laboratory test to detect curved
reinforcement, such as the inner reinforcement on the dam, since this would be useful to know for
future projects. Other idea that could be developed is to look at corrosion and voids. Perhaps by first
conducting laboratory tests with induced voids/corrosion (considering the information found in the
literature review corrosion is recommended) and then do an actual test on a bridge with a proper c-scan
to attempt to find the affected areas.
Secondly, evaluating GPR with other non-destructive techniques especially perhaps ultrasonic sound
techniques. It would be interesting to see how the techniques differ and how they align with each other.
Both techniques share similarities, such as being wave based, having grid based scans and sharing terminology. Perhaps the techniques used in conjunction can both save time and strengthen the results.
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Appendix A

A-1

¨

A-2

Left M3-H; middle M4-H; right M5-H (Notice the different scan distance)

A-3

Left M2-V; right M3-V

A-4

Appendix B

Depth calculations for bridge in Boden:
𝑡𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟 = 1.9 𝑛𝑠
𝑡𝑙𝑜𝑤𝑒𝑟.ℎ𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑎 = 5.1 𝑛𝑠
𝐷𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟 = 5 𝑐𝑚
𝐶𝑙𝑖𝑔ℎ𝑡 = 3 ∗ 108
𝐶𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 2 ∗
𝜀𝑟 =

𝐶𝑙𝑖𝑔ℎ𝑡
𝐶𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

𝐷𝑙𝑜𝑤𝑒𝑟.𝑟𝑒𝑏𝑎𝑟 =

𝐷𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟
= 5,26 ∗ 107
𝑡𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟

= 5,7
𝑡𝑙𝑜𝑤𝑒𝑟.ℎ𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑎 ∗ 𝜀𝑟
= 13.7 𝑐𝑚
2

Depth calculations for lower reinforcement dam Vilhelmina:
𝑡𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟.𝑚𝑒𝑠ℎ.𝑑𝑎𝑚 = 1.9 𝑛𝑠
𝑡𝑙𝑜𝑤𝑒𝑟.ℎ𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑎.𝑑𝑎𝑚 = 10.3 𝑛𝑠
𝐷𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟.𝑑𝑎𝑚 = 4 𝑐𝑚
𝐶𝑙𝑖𝑔ℎ𝑡 = 3 ∗ 108
𝐶𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒.𝑑𝑎𝑚 = 2 ∗
𝜀𝑟.𝑑𝑎𝑚 =

𝐶𝑙𝑖𝑔ℎ𝑡
𝐶𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

𝐷𝑙𝑜𝑤𝑒𝑟.𝑟𝑒𝑏𝑎𝑟.𝑑𝑎𝑚 =

𝐷𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟
= 4,21 ∗ 107
𝑡𝑢𝑝𝑝𝑒𝑟.𝑟𝑒𝑏𝑎𝑟

= 7.125
𝑡𝑙𝑜𝑤𝑒𝑟.ℎ𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑎 ∗ 𝜀𝑟
= 21.7 𝑐𝑚
2

B-5

