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ABSTRACT

Concrete cover is the thickness of the concrete layer that protects the reinforcing steel bars (rebar)
within a reinforced concrete structure. It acts as a barrier against external elements such as
moisture, chemicals, and environmental factors, safeguarding the rebar from corrosion. Concrete
cover measurement is performed by using various nondestructive tests such as GPS (Ground
Penetrating Radar), electromagnetic test and ultrasonic. The main benefit of the concrete cover
thickness measurement is to explain the causes of corrosion and identify areas that have the
capability to corrode faster.

This paper discusses the possibilities to measure the concrete cover depth and determine the
location of steel bars of a thick-walled concrete structure by using different nondestructive testing
methods. The methods studied are a concrete cover meter, Ground Penetrating Radar, which is
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based on propagation radar waves in concrete, and Ultrasonic Pulse Echo tomography based on
stress waves produced by ultrasonic pulses. The paper demonstrates the use of these methods for
in-situ measurements on a thick-walled reinforced concrete structure. The concrete cover depth
and the location for the reinforcement bars received by different methods are compared and the
strong and weak points of the methods are discussed.

The results indicate that the concrete cover meter is suitable for measuring the thickness of
concrete cover, while the Ground Penetrating Radar and the Ultrasonic Pulse Echo device were
able to identify and locate the reinforcement bars position in the concrete structure.

Key words: Concrete, reinforcement, detection, non-destructive testing, radar, ultrasonic.

1. INTRODUCTION
1.1 Electromagnetic methods for detection of concrete reinforcement

In civil engineering, the most important electromagnetic NDT method is the eddy current (EC)
method, which is typically used for reinforced concrete structures within excitation frequency
range from 0.5 to 10 kHz. The eddy current method can be used not only to detect the presence
of steel bars but also to determine the thickness of concrete cover, the diameter of bars, and the
alloy of reinforcement based on the effect of alloy on electrical properties, or to detect steel
corrosion [1]. The devices measuring the thickness of concrete cover use the eddy current
principle with pulse induction as an electromagnetic measuring method.

Cover meter devices aim to measure non-destructively the thickness of concrete cover and the bar
diameter in reinforced concrete structures. The presence of reinforcement in concrete can be
detected by measuring and analyzing the electromagnetic field of reinforcement induced by the
cover meter [2].

The operation principle of a concrete cover meter is shown in Figure 1, in which alternating
current induced in the coil generates an alternating magnetic field. The presence of reinforcing
steel in the magnetic field leads to the occurrence of eddy currents, which also form a magnetic
field. The resulting change in coil impedance serves as a basis for determining the thickness of
the concrete cover and the diameter of reinforcement bars [3].

Inspection is performed by dragging the device along the line, which detects only the bars that are
perpendicular to the drag line. Therefore, in most cases, inspection involves multiple line checks
in two directions forming a network. Measurement accuracy is limited if reinforcement intersects
with installed grids, anchors, and other metals, concrete aggregates are magnetic, or the concrete
cover is thick compared to the strength of magnetic field.
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Figure I — Illustration of the concrete cover meter operation principle using eddy current.

Another electromagnetic method used for the detection of reinforcements and characterization of
the geometry of elements of civil engineering structures is Ground-Penetrating Radar (GPR) [4].
GPRs are composed of a central unit used to set up the system and store measurement data and
antennas in order to radiate electromagnetic energy. The central unit is used as an interface
between the operator and the active part of the system, i.e., the antenna(s). The central unit is a
micro-computer in which software is installed, enabling the system to be set up. This computer
also enables storing and, in some cases, processing of the data measured.
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Figure 2 — lllustration of a GPR system and reflected signal from a buried object: (a) waveform,
(b) reflection paths of radio wave [5] and [6].

The GPR uses antennas to transmit and receive pulses of electromagnetic energy through a
medium such as ground or concrete. As the radar receives the transmitted pulses it registers
“echoes” from objects based on their different electromagnetic conductivity. A simple illustration
of its operation principle is shown in Figure 2. When the scanner is moved along a concrete
surface, electromagnetic waves are reflected from objects beneath this surface. These objects are
indicated immediately on the display.

GPR information is generally viewed as either an A-scan, B-scan (i.e., line scans) or C-scans (i.e.,
grid scans), as shown in Figure 3. Normally, A, B and C-scan are used for presenting the GPR
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datain 1, 2 and 3 dimensions, respectively. A-scan and B-scan images are vertical depth sections
and provide details of the characteristics of reflected waveform's, such as estimates of signal
phase, amplitude, and propagation velocity. C-scan, which explores a 3D volume, images a
horizontal section for a plane at certain depth. A widely applied method for presenting the results
of C-scans is horizontal slicing, in which each image is called a depth slice [7].
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Figure 3 — Measurement principle for GPR. (a) A-scan is the signal of the receiving antenna
for a given position, (b) B-scan is the assembly of A-scans and (c) C-Scan is the 3-D image
which is generated by combining simultaneous B-scan images on the XY plane [8], [9].

1.2 Ultrasonic tomography for detecting and locating defects in concrete structures

Ultrasonic testing is a broad group of NDT techniques based on the propagation of ultrasonic
waves in the object or material tested. The most used ultrasonic testing technique is the Ultrasonic
Pulse Echo (UPE), wherein high-frequency sound wave beams are introduced into a test object
and reflections (echoes) are returned to a receiver from internal imperfections or from geometrical
surfaces. UPE methods are used for scanning embedded objects in concrete elements [10].

The basic method of ultrasonic testing is transforming a voltage pulse to an ultrasonic pulse using
a transducer. Transducers consist of a piezoelectric crystal enclosed within a plastic or stainless-
steel housing. The piezoelectric crystals expand when electrically charged, thus generating an
acoustic wave. The signal travels through the structure reacting to its geometry and existing
defects and then is either transmitted to another transducer or reflected back to the original
transducer. Defects are detected if they produce a change in the acoustic impedance in the path of
the ultrasonic beam. An open crack filled with air has very low acoustic impedance, so it reflects
virtually all the acoustic energy incident on it, as presented in Figure 4. Hence, the sound waves
travel through the material and are reflected back from cracks or flaws. Defects and flaws affect

58



Nordic Concrete Research — Publ. No. NCR 69 — ISSUE 2/ 2023 — Article 4, pp. 55-71

its path, and a small portion of the pulse will be sent back to the transducer/receiver before it hits
the boundary of the structure. The reliability of sonic data is largely determined by the skill and
experience of the operator in choosing appropriate test points and in observing those conditions
that might influence the measurements. Such factors as changes in density, moisture, aggregate-
paste ratio, and the presence of voids and cracks should all be given weight in the final analysis.

Probe

Ultrasonic Testing

_
.

Pulse

Flaw

|

Echo

Figure 4 — Schematic diagram of the ultrasonic testing.

Modern UPE instruments consist of an array of piezoelectric transducers that are capable of
exciting concrete surface by a short-burst high amplitude pulse with -high voltage and high
current. MIRA (owned by the measurement operator “Kiwa Inspecta, Finland”), presented in
Figure 5, 1s an ultrasonic tomography device that "can be used to diagnose condition of inner parts
of a concrete structure using an array of dry point contact (DPC) transducers. Each transducer can
both transmit and receive low frequency (55 kHz) shear waves.

54
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Figure 5 — Example of a UPE system, array of transducers and measurement images [12].

The DPC transducers provide the necessary consistency of impact and wavefront penetration for
diagnostics up to 100 cm deep for typical concrete surface textures. MIRA incorporates 12
channels each comprised of 4 transducers in a multi-static array. After transit time data are
acquired at a test location, a signal processing technique called Synthetic Aperture Focusing
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Technique (SAFT, owned by Kiwa Inspecta, Finland) is used to reconstruct a 2-D image of the
interior of the concrete member at the test location [11].

2 EXPERIMENTAL PROGRAM

2.1 Mock-up wall reinforcement design

The design for the mock-up wall was based on the section of the containment wall of TVO’s NPP
Olkiluoto 2 [13]. This mock-up wall of reinforced concrete presented in Figure 7 is 1.0 m thick,
2.0 m high, and its length is 3.5 m [14].

Figure 6 — Mock-up wall on its foundation [14].

The mix design of the concrete was based on the C35/45 compressive strength class and S3
consistency class. A total of two truck batches were needed for its casting. The mix design was
the same on both batches and average amounts of the realized constituents are shown in Table 1.

Table 1 — Mix design of C35/45 concretes — provided from the ready-mix concrete plant.

Concrete mix Concrete Aggregates free Aggregates fref
ingredients (kg/m?) moisture (%) moisture (kg/m?)
Cement (CEM II/B-M (S-LL) 42,5 N) 365.5
A ¢ (0/8 mm) 1044.9 1.3 16.6
regates
geree (8/16 mm) 901.8 0.6 5.4
Hot water 49.8
Water
Cold water 102.3
Effective water content 174,1
Super-plasticizer (Master Glenium SKY 600) 2.74
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Fresh concrete tests were performed during the casting prosess and three cubes (100 x 100 x 100
mm) were prepared for testing the compresive strenght at ages of 28 and 91 days. The test results
of the fresh and hardened concrete are presented in Table 2.

Table 2 — Summary of the fresh and hardened concrete test results.

Property of concrete Unit Batch I Batch II
Temperature [°C] 21 20
Slump [mm] 170 180
Air content [%] 3.7 1.0
28d Compressive strength [MPa] 43 44
91d Compressive strength [MPa] 51 52

The reinforcement of the wall consists of two areas, with different spacing between bars, which
led to different amounts of reinforcement for these areas. The bar diameter used is 25 mm. The
nominal reinforcement concrete cover is 50 mm [15]. The outer layer of reinforcement is
characterized by a reinforcement grid with the following characteristics: the left half side of the
mock-up when facing the wall consists of horizontal reinforcement with a spacing of 150 mm and
vertical reinforcement with a spacing of 150 mm. The right half side includes horizontal
reinforcement with a spacing of 300 mm and vertical reinforcement with a spacing of 200 mm

(Figure 7).
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Figure 7 — (a) Frontal view of the mock-up wall with its reinforcement and (b) embedded 50
mm concrete block for indicating the actual cover thickness of the reinforcement bars.

As shown in Figure 7a, the second reinforcement mesh exists only on the left side of the mock-
up in the frontal view. This reinforcement mesh has horizontal and vertical reinforcements with a
spacing of 150 mm. Additionally, some bars were installed at an angle, and in some places, single
rebars were installed outside other reinforcements. The rebars on the south face of the wall have
inconsistent average spacing. The horizontal reinforcement bars of the wall were adjusted to
ensure the concrete covering requirements before concreting. Concrete blocks of 50mm thickness
were used to maintain the required concrete cover depth (Figure 7b).
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Figure 8 — Plan view of the mock-up main wall reinforcement.

Three ducts for pre-stressed tendons and corresponding strands were inserted into the mock-up
wall. The tendon ducts were located at two heights in the wall, as well as at two different depths
from the outer surface. One duct was placed behind another, simulating the use of parallel ducts
at same height, which is a common situation in Nuclear Power Plant containment structures.
Figure 9 illustrates the locations of the ducts from the side view.
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Figure 9 — Location of the pre-stressed tendon ducts, side views.
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Figure 10 — Location of the void defects in the pre-stressed tendon ducts.
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The injection grouting of the duct was planned not to fil the entire space leaving air filled parts in
the duct to be investigated using NDT methods (Figure 10). A void-existed defects induced by
the interface debonding between the grouting medium and duct's inner surface due to the initial
void in grouting medium within the duct of post-tensioned concrete members, specimens with
void defect in grouting medium was formed by presetting a foam in the duct.

2.2 Measuring the thickness of concrete cover

For measuring the concrete cover, the cover meter method was used. The cover meter was
calibrated using the calibration test block, presented in Figure 11. The location and cover of the
reinforcement of the test block were measured at different locations to check the calibration
accuracy of the device. The calibration measurement data were compared with the standard values
prescribed for the test block. The measured data and the standard calibration values matched well.

Approaching Rebar

Approaching Midpoint
Signal is increasing ?

Signal is decreasing *

Rifle Scope is moving in
the SAME direction as
the instrument

Rifle Scope is moving in
the OPPOSITE direction
1o the instrument

WHEN CENTERED WHEN CENTERED
RED LEDIS ON LED OFF RED LED IS ON

(a) (b)
Figure 11 — Concrete cover meter: (a) the calibration test block and (b) distinguishing between
a rebar and a mid-point using cover meter [16].

“Midpoint”
between two rebars*

b -

Signal
Strength

The cover meter was used to measure the cover from the south side of the mock-up wall in the
horizontal and vertical direction. As soon as the cover meter was above or near a rebar, it gave an
audio signal through a short beep and a visual red colour display. Simultaneously, the thickness
of concrete cover was measured and recorded. To ensure that the positioning of the probe at the
moment of the signal, the probe was continuously dragged along the wall surface.

2.3 Mapping of the reinforcement meshes and bars

For mapping and locating the positions of the reinforcement in the mock-up wall, two radar-based
GPR devices (GPR1 and GPR2) and an ultrasonic-based UPE tomography device were used.

In addition to mapping the positions of the reinforcement, the condition of tendon strands was

examined using a device based on UPE tomography. The inspections were performed on the
southern concrete-surfaces of the mock-up wall. Scans with UPE device were performed in two
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directions similar to that presented in Figure 12. The extent of the areas inspected was partly
influenced by the spatial requirements of the devices.
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Figure 12— Illustration of the grid mark scheme of the mock-up wall and the scanning direction.

3. RESULTS AND DISCUSSION
3.1 Concrete cover depth measurements

For the horizontal reinforcement bars, the cover meter was set to identify a clear cover of 50 mm
above steel bars with a diameter of 25 mm. As shown in Figure 13, the thickness of concrete cover
varies from 39 mm to 51 mm. The mean of the thickness values measured is 44 mm, and the
standard deviation is 1.7 mm leading to the coefficient of variation of 3.8%. The results show that
the cover thickness differs about 10% from the design value 50 mm.
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Figure 13 — Concrete cover thickness scanned for horizontal reinforcement on the south face
of the wall).
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For the vertical reinforcement bars, the cover meter was set to identify a clear cover of 75 mm on
steel bars with a diameter of 25 mm. The results presented in Figure 14 show that the concrete
cover varies from 49 mm to 77 mm. The mean of the concrete cover thickness is 60 mm, and the
standard deviation is 5.8 mm, or the coefficient of variation is 9.7%. As the design value for the
concrete cover of vertical bars was 75 mm, the difference between the measured and design values
is about 25%, which is larger than the difference with horizontal bars. This is obviously a
consequence of the shadow effect of the horizontal bars on the scanning of vertical bars. The
shadowing also explains why the cover thickness of the second mesh with design cover values of
100 mm for horizontal bars and 125 mm for vertical bars could not be detected using the cover
meter.
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Figure 14 — Concrete cover depth (south face, vertical reinforcement scanning).

Table 3 shows the results of the detected cover for the south face of the reinforced concrete mock-
wall. The data in the table show that cover meter can effectively be used to measure the cover
depths. The relative error in detection of the cover depth increases in the left half face where
higher reinforcement density is located.

Table 3 — Details of the detected clear cover depth for both horizontal and vertical reinforcement scanning.

Actual location of bar Accuracy Standard Coefficient
. Average detected . . o
Reinforcement cover, (mm) from top surface, (Relative error),  deviation, of variation,
' (mm) (%) (mm) (%)
Horizontal bars 44 50 -12% 1.7 3.8
Vertical bars 60 75 -20% 5.8 9.7
3.2 Mapping of the reinforcement steel bars

The scanning results of the southern face of the mock-up wall using the GPR1 device are presented
in Figures 15 and 16. Figure 15 presents the acquired 3D radargram of southern part of the mock-
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up wall after data processing, and Figure 16 shows the C-scan image (see Figure 12) of the same
wall face.

The 3D radargram and the C-scan images show the dense reinforcement with bar spacings of 150
mm on the left part of the wall and the mesh with bar spacings of 300 mm on the right half of the
wall face. The second mesh was shown on the left of the 3D radargram, but no details were
recognized.

cm

Left half side Horizontal

S A kag,
=5 j[‘

Secondary
4 reinforcement

Primary
reinforcement

b

Figure 15 — Representation of the near-surface reinforcement of the southern face using GPR1
device.

Figure 16 also includes a lower prestressing duct and the edges of the second mesh in the middle
and on the left of the wall face. However, no clear details about the second mesh are visible, which
can be explained by the shadowing effect of the first mesh.

Figure 16 — C-Scan of the near-surface reinforcement of the southern side using GPRI device.
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Figures 17 and 18 present the Augmented Reality (AR) view and the C-scan view of the pre-
stressing duct at depth of 52 cm from the surface using GPR1 device. In Figure 17, the location
of a lower pre-stressing duct is clearly shown, but the location of the upper duct is open to
interpretation because the depth of the scanning presented in Figure 18 is 29 - 52 cm and the upper
duct is located behind this depth. The empty spaces in the injection grouting of the space were
detected at the lower prestressing duct as shown in Figure 18.

Figure 17 — Visual representation of the tendon strand on the southern side as an Augmented
Reality (AR) view on the surface of the real structure using GPRI device.
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Figure 18 — Visual representation (C-Scan) of the tendon strand on the southern side using
GPRI device at the depth of 29 - 52 cm from the surface, compared to Figure 15.

An example of the C-scan image after the data processing of the GPR2 device is presented in
Figure 19. The origin is located 175 mm from the bottom edge and 1315 mm from the left edge.
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On average the spacing of the horizontal and vertical rebars on the left side in the figure is 150
mm as the design values were. On the right side, the average spacing of the horizontal and vertical
bars and the design values also match. Figure 19 also shows that the concrete cover thickness on
the top of the horizontal bars is about 50 mm and about 75 mm on the top of the vertical bars,
which coincide with the design values presented in Figure 7.

Covergdepthi=!50mm

Figure 19 — Representation of the vertical middle part of the southern side using GPR2 device.

33 Condition monitoring of prestressing tendon ducts

Ultrasound tomography is probably the most suitable NDT technique to evaluate the outcome of
grout injection of ducts with prestressed tendons. The ultrasound “MIRA” tomographer system
was used in this study to perform deep scanning from one surface of the concrete structure and
data processing of the scanning results. The MIRA tomographer creates 3D representation of
internal reflecting interfaces (e.g., defects) that may be present in a concrete structure.

Based on the visual observations from the UPE scan, the injection grouting of the duct tube of the
tendon strand is incomplete, which is shown in Figures 20 and 21. The depth of the UPE scanning
is 50 cm from the surface of the southern face of the mock-up wall. The location of the prestressing
duct is about 50 cm (design value of 40 cm) from the slab foundation as shown in Figure 20. The
upper duct tube is inclined as shown in the C-scan of Figure 21, the right side of the duct is located
at about 130 cm (design value of 140 cm) from the foundation slab and the left side of the duct is
located at about 140 cm (design value of 150 cm) from the foundation slab. The observed UPE
values are higher in comparison to the design values, which could be due to the movement of the
duct during the installation and casting of the concrete.
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Figure 20 — Visual representation of the lower tendon strand using the UPE device.
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Figure 21 — Visual representation of the tendon strand using the UPE device compared to
Figure 18.

4 CONCLUSIONS

In this paper, we presented three different techniques for detecting, and mapping of the steel
reinforcement bars in a thick mock-up wall of reinforced concrete The three NDT techniques were
electromagnetic methods using concrete cover meter, ground penetrating radar (GPR) and
ultrasonic pulse echo (UPE), which were used to scan the southern face of the mock-up wall
horizontally and vertically to detect reinforcement in the structure.

The following conclusions can be drawn from the results of the study:

e Cover meter and GPR techniques can be used for steel bar identification and cover
thickness estimation. In general, the cover meter technique is simple to use, and its results
are easy to interpret compared to that of GPR technique. The concrete cover thicknesses
measured by the cover meter were close to the real values.

e By using real bar diameters during the calibration of the cover meter, the results of the
cover thickness are reliable.
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Structural members with thick concrete covers and heavily reinforced sections with metal
inserts, identification of reinforcement using cover meter is difficult. In such cases, GPR
technique is better in identifying the locations of steel bars and estimating cover
thicknesses.

The GPR technique is able to locate and map the reinforcement bars via the 3D radargram
and the C-scan images. One of the limitations of the GPR techniques is that it needs an
experienced technician for the use of the scanner and interpretation of the results. Another
limitation is that the radar pulse penetration depth with the GPR system used was limited
to approximately 30 cm.

Evaluation of tendon duct grout injection by applying UPE technique is proven to be
beneficial in detecting substantial durability problems that may pose risks to the
prestressing system. For example, the UPE devices can detect the prestressing duct with
insufficient grouting. The interpretating tomography testing results should have an
appropriate understanding and experience in performing these types of tasks.
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