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Abstract: Currently, electromagnetic and radar methods are the most common non-destructive tests
for non-destructive rebar location in structures.. Both methods have some advantages, disadvantages
and limitations. This article is an attempt to describe possibilities of particular methods with
emphasizing their advantages and limitations. The first stage of tests included results from tests
conducted on a lintel beam made of autoclaved aerated concrete (AAC) and reinforced with small-
diameter rebars and rebars placed close to each other. The second stage consisted in testing nine
lightweight concrete specimens, each with three bars having a diameter of 10, 16 and 20 mm at three
different space arrangements, to determine the effect of bar diameter and spacing on the
measurement accuracy. The reinforcement of lintels and specimens was tested with two different
electromagnetic scanners and a ground-penetrating radar (GPR) device. Received results from direct
tests were compared with results from non-destructive tests (NDT). NDT tests conducted in such an
element were found to perform the correct assessment of the concrete cover, and at the same time to
give ambiguous results with reference to shape and number of rebars.
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1.Introduction

Non-destructive testing is becoming more and more common in the construction sector. Tests
are performed on existing structures which require reconstruction, extension or reinforcement, and
on new structures as a part of works connected with the acceptance stage. Tests are also carried out
if some irregularities concerning material strength or the quantity of applied reinforcement, are
suspected. In reinforced structures, in contrast to steel and wood structures, rebars — elements
providing bearing capacity in zones subjected to tensile strength, are invisible. Consequently, the
majority of diagnostic methods applied in practice refer to localisation of reinforcement and
measuring diameters of rebars in reinforced structures. Tests are usually conducted on slab and beam
elements. However, significant errors regarding the precision of made measurements can be
observed.

The geometry of rebars can be determined with the traditional method by performing pits or
with non-destructive testing (NDT) [1, 2]. NDT methods are useful especially when tests are to be
conducted on a wide surface or many elements. Electromagnetic and radar methods are currently the
most often used NDT methods for detecting reinforcement in the structure [2, 3, 4]. Both methods
have their advantages and disadvantages. It can be assumed that advantages of the electromagnetic
method are: the accuracy of measurements and the possibility for determining the diameter of
reinforcement. And its disadvantages include a short range of measurements and some errors
triggered by resolution, which are significant when rebars are closely arranged(lap splices, bundles
of bars) [5, 6]. The advantage of the radar method is the possibility for localising the reinforcement at
great depths; and its disadvantages cover difficulties in measuring diameters measurements and
some measurement errors of damp structures [7, 8].

Despite the continuous development, electromagnetic and radar methods still have some
limitations. Many reference papers present advantages and possibilities for using electromagnetic
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and radar methods. Information about their limitations and measurement accuracies is rarely
published. According to the definition [9], the accuracy is a compatibility level between the obtained
result of a single measurement and the expected value related to systematic and accidental errors.
However, design standards and standards specifying structures reinforced with bars permit some
execution deviations. Thus, it seems interesting whether the real accuracy of methods is within
standard limits of execution deviations.

This article presents problems encountered during detection and measurements of
reinforcement with radar and electromagnetic methods. The aim of this article was to test whether
measurement uncertainties could be higher than allowable performance uncertainties. Reinforced
lintel beams made of autoclaved aerated concrete (AAC) were tested with three different types of
measurement devices. Measurement errors were analysed, and obtained results were compared to
deviations accepted by standards. This analysis included adequate estimators of uncertainty.

2. Accuracy and possibilities of non-destructive testing

2.1. Electromagnetic method

The accuracy of electromagnetic tests mainly depends on the location depth, spacing,
arrangement of rebars toward the direction of scanning, the type of reinforcement, and the quality of
concrete surface [10, 11]. A type of spectral analysis and compensation procedures of systematic
measuring errors also affect the accuracy of tests .

The depth of bars location has a significant impact on the accuracy of diameter measurements,
and even on the accuracy of bars location. The maximum depth, at which reinforcement can be
detected, depends on the diameter of rebars. For typical rebar diameters of 6+25 mm, depending on
the employed device, the biggest depth at which the reinforcement can be detected is 100 + 200 mm.
Closer location of rebars to the scanned surface evidently ensures a greater accuracy of the measured
and real diameter. The acceptable measurement accuracy (5%) of the reinforcement diameter is
obtained when rebars are located at a depth of ca. 60 mm.

A measurement is made with a single-frequency or a multi-frequency method. Tests on
reinforced concrete structures often employ multi-frequency signals of sinusoidal type A sinusoidal
excitation signal emitted inside the structure, depends on time t. Therefore, the excitation W(t)can be
expressed [12, 13] with a harmonic function:

N
W(t) = w, sin(wyt + ;) (1)
1
where:
wi — the amplitude of i-th wave of sinusoidal input,
wi — pulsation of i-th wave of sinusoidal input,
(pui — phase angle of i-th wave of sinusoidal input.

Assuming that the reinforcement in the tested element causes linear changes of the input
function, a signal y(t) received by measuring coil is :
N . 2
y(t)= %kwiwi sm(a)yit + kl-(pgayi) @)
where:
kwi— the amplitude factor of received i-th sinusoidal wave,
wyi — pulsation of received i-th sinusoidal wave,
kip — change factor of the phase angle of received i-th sinusoidal wave,
(pyi — phase angle of received i-th sinusoidal wave.

The assumption of a linear change of the sinusoidal input indicates that the pulsation of the
excitation signal and the received signal are equal:
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On this basis the function y(t)can be expressed as:

N .
y(t)= %kwiwi szn(a)w,»t + k,-(/,(oy,-) 4)

The information about reinforcement geometry is included in coefficients kwiand kei. A signal
y(t) is recorded in RAM memory of the probe. Then, the measuring signal is subjected to processing,
which usually consists in converting into a digital signal and performing a spectral analysis.
Amplitudes of sinusoidal components are the most important parameters in case of reinforcement
measurements. A microprocessor of the testing device computes and analyses measured amplitudes
of sinusoidal components, which is the base for estimating the diameter and the depth of
reinforcement. Signal of transducers is often processed using inverse models based on dynamic
neural networks [14].

The paper [11] describes tests to detect plain and ribbed rebars of 12 diameter. Tests were done
with four different devices. Variations of the measured thickness of the concrete cover were within 4
mm, and the measured reinforcement diameter differed by not more than one gradation. The paper
[15] presents the analysis of measurement errors of the electromagnetic device in slabs having
dimensions of 400x400x250 mm , made of high compressive strength concrete (average 71.3 N/mm?).
One rebar was placed in each slab. Rebars of 12, 16, 20, 25 and 32 mm diameter and 50 and 100 mm
covers were used (in total 10 of test models). Fig. 1 illustrates the graph of the relative measuring
error of the reinforcement diameter as a function of the concrete cover size. The acceptable error
(<10%) was obtained for the cover thickness of up to ca. 40 mm. It should be emphasized that although
the paper [15] is relatively recent, the used device is not a modern one. As no tests on the models of
concrete with lower strength were conducted, it is hard to define the influence of the high
compressive strength concrete. In typical reinforced concrete structures (beams, slabs, columns) with
standard covers (c ~ 20-45 mm), available in practice electromagnetic devices can be used to perform
tests with accuracy of the measurement less than 10%. The gradation of rebar diameters causes
difficulties in diameter differentiation.

. | :

diameter measurement

concrete cover, mm

Figure 1. The error of the reinforcement diameter measured with an electromagnetic device,
depending on the cover size according to [15]

2.2. Radar method

In the radar method, the measuring range of the structure depth depends on concrete structure,
a type of an antenna, and frequencies of the excited impulse [16, 17, 18]. In typical devices, this range
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is up to 750 mm. The image contrast obtained from radar tests depends on relative difference between
dielectric constant values at the contact area between materials. There are no difficulties in
interpreting the obtained image because of considerable differences in constant values for concrete
and steel. Tests on reinforcement location conducted with radar method generate radargrams, that
is, the record of all reflected signals registered during the passage of a measuring probe on the
element surface. The reinforcement image on radargram is a distortion of course contour lines in the
shape of hyperbola arms directed down the radargram.

The modern measurement systems perform the automatic analyses of radargrams, convert
radargrams taken close to each other in one image, and visualize reinforcement in the construction
in a legible way for users. The additional software can be used to take a spatial image of the structure
with the reinforcement. The radar devices do not give direct information about reinforcement
diameters. Maybe measurements in a 3D model can be a solution for this problem. However, some
published articles present some mathematical correlations between the shape of a hyperbola shown
on the radargram and the reinforcement diameter. Devices with the option of determining the
reinforcement diameter are likely to appear soon on the market. However, the accuracy of the
measurement method might be still a problem. Currently, the accuracy of the cover measurements
with radar method performed with the best devices is defined as + 5 — 10 mm.

The papers [19, 20, 21, 22, 23, 24, 25] describe that the shape of hyperbola illustrating the
reinforcement on the radargram depends on the wave propagation velocity v and passage time toof
measuring probe above the tested reinforcement. The time of the measuring probe passage is the time
passing from the moment when the device records the reinforcement for the first time till the moment
when it stops to record it. The velocity of the wave propagation affects the hyperbola curve, whereas
the time of the probe passage affects the range of its arms. Knowing parameter values a and b of the
hyperbola b (Fig. 2), their relation with the reinforcement diameter ¢, wave propagation velocity v
and time of probe passage to, on the tested reinforcement can be expressed as following:

a=t0+g ©®)

7

=5t *9 ©)

The wave propagation velocity v and passage time toof the measuring probe are recorded by a
measuring device; and parameters a, b can be read from the radargram. Therefore, there are no
obstacles to determine the reinforcement diameter ¢ from equations (5 and 6). The paper [26]
confirms the possible usage of this method for defining the reinforcement as under laboratory

conditions obtained the measuring error of diameters of steel pipes and cables was in the order of
1.7+5.3%.

Figure 2. Assumptions to derive equations (5 and 6), 1 - hyperbola asymptotes

The paper [27] proposes another way of defining the diameter. It was assumed that the impulse
distribution angle from the transmitting antenna was 90° (Fig. 3). Such an assumption was useful for
determining the rebar diameter without taking into account the wave propagation velocity v and
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passage time toof the measuring probe above the tested reinforcement. Reinforcement diameter ¢ can
be determined according to:

$=22L-2X-2Y )

where:
L, X, Y — geometric data according to Fig. 3.

Figure 3. Assumptions to derive the equation (7), 1 - hyperbola asymptotes, 2 — the angle of impulse
distribution from the antenna, 3 — a measuring probe

2.3. Combination of electromagnetic and radar methods

The papers [28, 29] suggest connecting advantages of electromagnetic and radar methods. Tests
were conducted on specimens placed in a pen and in concrete. Rebar diameters were tested in rebar
laboratories. The electromagnetic method was found not to give correct test results because the
reinforcement was placed too close. On the basis of conducted tests, the empirical equations were
developed to estimate the diameter of contact rebars in the rebar laboratory. The accuracy of
determined diameters was obtained at the level of 2.35%. Empirical equations were observed to have
some application limitations regarding the tested reinforcement and concrete.

To sum up, the advantage of devices working according to the electromagnetic method was their
high accuracy at small depths of measurements. A small range of diameter measurements, limited to
about 6 cm, is their disadvantage Radar devices have much bigger range (even up to 75 cm).However
devices available on market do not offer the possibility of diameter measurements. In the world, some
methods for diameter determining on the basis of radargram measurements obtained from the radar
tests are being developed. Radar devices with the option of diameter measuring are likely to appear
soon on the market.

3. Tested specimens

3.1. AAC precast lintels

To verify the accuracy of NDT methods, some tests were performed on widely used lintels made
of AAC with the width of b =180 mm, height / = 240 mm and the total length of L = 2000 mm. The
strength of AAC elements was f=4 N/mm?2. Detailed results from material tests on lintelsare
presented in the papers [30, 31, 32]. The lintel reinforcement was made of steel with yield strength of
500 N/mm? (B class, according to EN 1992-1-1:2008). Longitudinal rebars had a diameter of 8§ mm
(three rebars down and two rebars up). Longitudinal reinforcement in the form of open stirrups made
of rebars having a diameter of 4.5 mm. Stirrups were placed along the whole element at a constant
spacing of 150 mm (Fig. 4). The longitudinal reinforcement and stirrups were welded and covered
with corrosion-resistant protective coating made of resin.
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Figure 4. Dimensions and reinforcement of the tested lintel

Two beams were selected for tests. To ensure precise location of the reinforcement, both ends of
tested beams were broken down and the reinforcement was measured— Fig. 5. Tiny openings
(diameter of 2 mm) were made in 11 places on lateral surfaces and at the bottom 8 points (between
the stirrups)(at points of non-destructive testing)to measure the real reinforcement cover — cobs with
accuracy of Acobs =+ 0,1 mm. Because the location of both beams was the same, tests were conducted
only on one of them.

Figure 5. The view of tested elements with the reinforcement broken down at its ends

3.2. Lightweight concrete specimens

The impact of bar diameter and spacing on the measurement accuracy was tested on nine models
(Fig. 6) prepared from lightweight concrete with density of 0.9 kN/m? and strength of 10.2 N/mm?
after 7 days and of 18.1 N/mm? after 28 days. Each model had three bars arranged in such a way to
ensure the distance between bars equal 20, 30 and 40 mm (dimension “a” in Fig. 6). The diameter of
used bars was @ = 10; 16 and 20 mm. Dimensions of models in a plain view were 240x440 mm 40, 60
and 80 mm thick. Different thickness was to ensure the correct (two-sided) cover of rebars with
concrete assuming that rebar distance from the tested surface was 20 mm. And wooden washers were
applied for that purpose. Reinforcement was laid using wooden spacers of relevant thickness (Fig.
7a), and then stabilized in washers with screws (Fig. 7b). Concrete was laid, mechanically compacted
and properly cured. Fig. 8 shows models before and after concreting. Labelling of specimens
contained a letter S, diameter d and space between bars a. For example, 5-15-30 identifies a specimen
reinforced with three bars having a diameter of 16 mm and space between rebars equal to 30 mm.
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Figure 6. Lightweight concrete specimens: (a) specimen reinforced with bars of 10 mm diameter, (b)
specimen reinforced with bars of 16 mm diameter, (c) specimen reinforced with bars of 20 mm
diameter, 1 - lightweight concrete, 2 — rebars, 3 - wooden washer

(b)

Figure 7. Reinforcement stabilization in formwork: (a) distance resulting from wooden spacers, (b)
fastening rebars to wooden washers with screws

(a)

(b)

Figure 8. Specimen reinforcing in formwork (a) and specimens after concreting (b)
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4. Applied research equipment

Tests were conducted using two electromagnetic scanners: PS 200 (manufacturer Hilti Corp.,
Schaan, Lichtenstein) Profometer 630 Al (manufacturer Proceq AG, Schwerzenbach, Switzerland)
and one GPR device -GPR Live (manufacturer Proceq AG, Schwerzenbach, Switzerland). The devices
are shown in fig. 9. A scanning transducer of the electromagnetic device 1 was equipped with one
circumferential transmitting coil and seven pairs of receiving coils. Receiving coils induce current
with microammeters, and the received signal is then processed and analysed. The electromagnetic
device no. 2 is similar in principle. The radar equipment 3 was equipped with antennas to perform
tests, using a signal with a variable frequency within a range of 0.2-4.0 GHz. During tests, frequency
was changed progressively in an automatic way, and max. acquisition time 20 ns.

The measuring accuracy of each device was the same, Acobs = + 1.0 mm(according to information
provided by device manufacturers).

(@ (b) (c)

Figure 9. The view of devices used in tests, (a) electromagnetic device (1), (b) electromagnetic device
(2), (c) radar device (3)

5. Miejsca badan

5.1. AAC precast lintels

Tests were performed with each device by scanning the same points of the beams on the lateral
surface and from the bottom. Stirrup rebars were detected on the lateral surface, whereas the main
reinforcement was tested from the bottom. Tests were conducted with line and area scans

Fig. 10a illustrates places of area scans for testing stirrups, and Fig. 10b presents area scans for
testing the main reinforcement. The location of linear scan and the point of measuring stirrups are
shown in Fig. 10c, whereas the location of linear scan for the main reinforcement is shown in Fig. 10d.
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(c) (d)

Figure 10. Places of lintel tests: (a) Stirrup tests — area scan (measurement in the grey-coloured field),
(b) main reinforcement test — area scan (measurement in the grey-coloured field, measurement at
points 1-8), (c) Stirrup tests — line scan (measurement at points 1-11), (d) main reinforcement test —
line scan (measurement at point 1)

5.2. Lightweight concrete specimens

Lightweight concrete specimens were tested using the electromagnetic equipment (1) over the area of
150x300 mm illustrated in Fig. 11a. The electromagnetic equipment (2) was used to perform linear
scans at the mid-length of the specimen (Fig. 11b), while area scans were made with the radar
equipment over the area of 200x300 mm shown in Fig. 11c. Scans were always taken in a place where
the cover thickness was 20 mm. Fig. 12 shows types of used equipment

(@ (b) (c)

Figure 11. Location of tests performed with: (a) electromagnetic device (1), (b) electromagnetic device
(2), (c) radar device (3)
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(@) (b) (0

Figure 12. Testing specimens with: (a) electromagnetic device (1), (b) electromagnetic device (2),  (c)
radar device (3)

6. Test results

6.1. AAC precast lintels (AAC)

6.1.1. Stirrups tests

Stirrups were tested at the beam side as line and area scans. Line scans can be only used to
determine the reinforcement location (spacing and concrete cover). Fig. 13 illustrates the comparison
of exemplary results from line scans taken with electromagnetic devices and the radar device
(radargram). A great conformity between test results and real measurements of bar location was
found. Fig. 14 presents examples of area scans taken with the electromagnetic device 1 and the radar
device 3. Area scans taken with two methods, showed very clearly both stirrup reinforcement and
longitudinal reinforcement.

0 mm 609 mm

T1: 28 mm

S <140 mm>
+ +
0t m

(a)

2.7cm

Figure 13. Line scans (measurement at points shown in Fig. 10c) with devices: (a) electromagnetic 1,
average cover of visible results— 27.8 mm, (b) electromagnetic 2, average cover —28.6 mm, (c) radar 3,
average cover 27 mm
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—
100
200 — S
[
Point:  x: [mm] y: [mm] Cov.:[mm] Bar: Orientation: Usage:
1 127 74 27 6mm Vertical Measurement
2 277 74 28 6mm Vertical Measurement
3 426 74 28 6mm Vertical Measurement
4 576 74 28 smm Vertical Verify only

Figure 14. Area scans with electromagnetic devices (measurement on the area shown in Fig. 10a),
(a) electromagnetic 1, average cover of visible results— 27.8 mm, (b) radar 3,- 27 mm

6.1.2. Tests on longitudinal rebars

The aim of testing the main reinforcement tests, made from the beam bottom, was to determine the
size of the cover, the number and diameters of rebars in the main reinforcement (diameters were
determined only in case of electromagnetic scans). Fig. 10shows the comparison ofresults from
electromagnetic tests. The area scan (Fig. 15a), was taken with the electromagnetic device 1 and line
scan (fig 15b) was taken with the electromagnetic device 2. Both devices did not detect the correct
number of rebars. The device 1 detected two rebars instead of three, but it measured the diameter
quite correctly. However, the device 2 detected only one rebar and gave the diameter equal to 18 mm.
Results from tests performed with the GPR device are shown in Fig. 16. Area and line scans were
taken. The line scan is presented as the radargram (Fig. 16a), and the area scan as a map (Fig. 16b).
Only one longitudinal rebar was detected during both tests using the radar method.

100

Point:  x: [mm] y: [mm] Cov.: [mm] Bar: Orientation: Usage:
1 53 74 30 8mm Horizontal Measurement <:’1 m""> .
2 203 1 32 8mm Horizontal Measurement 0.04 m 0.0
3 374 75 35 8mm Horizontal Measurement
4 524 73 37 8mm Horizontal Measurement
5 53 127 30 8mm Horizontal Measurement
6 203 131 32 8mm Horizontal Measurement
7 374 130 35 8mm Horizontal Measurement
8 524 126 37 8mm Horizontal Measurement
(@ (b)

Figure 15. Scans taken with electromagnetic devices, (a) device 1, two rebars detected, average cover
of visible results — 33.6 mm, diameter 6-8 mm (measurement on the area shown in Fig. 10b), (b) device
2, one rebar detected, average cover of visible results — 28 mm, diameter 18 mm (measurement at the
point shown in Fig. 10d)

To sum it up, test results for the longitudinal reinforcement, in which rebars were closer to each
other (an axial spacing of rebars was 30 mm — Fig. 4) were poorer than in case of tests performed on
stirrup reinforcement as described in point 6.1.1. None of devices used during various methods of
testing, correctly detected the number of longitudinal rebars. The most satisfactory result was
observed for tests performed with the electromagnetic instrument 1.


http://dx.doi.org/10.20944/preprints201901.0014.v2
https://doi.org/10.3390/ma12071168

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 March 2019 d0i:10.20944/preprints201901.0014.v2

() (b)

Figure 16. Scans taken with the radar (3), one rebar detected, (a) line scan (radargram- measurement
at the point shown in Fig. 10d), (b) area scan (measurement on the area shown in Fig. 10b)

6.2. Lightweight concrete specimens

Tests on lintel beams indicated significant errors in measuring the quantity of reinforcement and
the number of rebars in the main reinforcement. Thus, additional tests were performed on
lightweight models prepared for this purpose. The aim of those tests was to capture the relationship
between rebar diameters and spacing and the accuracy of measurements. Fig. 17 shows results from
tests conducted with the electromagnetic equipment (1). They contain the measured number and
diameter @obs of rebars and average cover cobs. .

(h)

Figure 17. Results from tests conducted with the electromagnetic device (1): (a) S-10-20 (result: 2 bars,
Gobs = 8§ mm, Cobs = 25 mm), (b) 5-10-30 (3 bars, gobs = 8 mm, cobs = 20 mm), (c) S-10-40 (3 bars, @obs = 10
mm, cobs =21 mm), (d) S-16-20 (2 bars, @obs = 30 mm, cobs = 25 mm), (e) S-16-30 (3 bars, Gobs = 16 mm, cobs
=18 mm), (f) S-16-40 (3 bars, @obs =20 mm, cobs =20 mm), (g) S-20-20 (3 bars, gobs = 20 mm, cobs = 25 mm),
(h) S-20-30 (3 bars, gobs = 20 mm, cobs = 18 mm), (i) S-20-40 (3 bars, @obs = 20 mm, Cobs = 22 mm)
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As in case of testing the lintel beam, tests failed to detect the correct number of rebars spaced
at gwon = 20 mm for specimens reinforced with bars having a diameter grom = 10 mm. In case of the
specimen at the similar space, but reinforced with bars @nom = 16 mm, three bars could be spotted, but
only two of them were detected with the equipment which also provided the excessive diameter of
30 mm. The equipment identified 3 rebars of 20 mm diameter, at the minimum spacing, but indicated
the diameter twice smaller (10 mm). At larger spacing auwm = 30 and 40 mm, the electromagnetic
equipment (1) detected the correct number of rebar diameter, but some inaccuracies were found
while measuring covers.

Fig. 18 shows results from tests conducted with the electromagnetic equipment (2). As above,
results include the number of rebars and their measured diameters d and the average size of tested
concrete cover c. For the smallest diameter and spacing, the equipment detected only one bar just as
in case of tests on precast beam. The equipment found 3 rebars in specimens reinforced with bars of
16 and 20 mm diameter spaced at more than 20 mm. Some deviations were observed in measured
diameters and covers. Contrary to the electromagnetic equipment (1), the equipment (2) provided
more accurate diameters with less precisely measured thickness of concrete cover. Differences in
cover measurements were even up to 5 mm

@) (b) O

(d) (e) (f)

(g) (h) )

Figure 18. Results from tests performed with the electromagnetic device (2): (a) S-10-20 (result: 1 bar,
Gobs = 8 mm, cobs = 20 mm), (b) S-10-30 (3 bars, @obs = 10 mm, cobs = 19.3, mm), (c) S-10-40 (3 bars,  @obs
=9 mm, cobs =19.3 mm), (d) S-16-20 (3 bars, @obs = 17 mm, cobs = 15.5, mm), (e) S-16-30 (3 bars, @obs = 15
mm, Cobs = 16.4, mm), (f) S-16-40 (3 bars, @obs = 14 mm, cobs = 16.5, mm), (g) S-20-20 (3 bars, @obs = 19 mm,
cobs = 15 mm), (h) S-20-30 (3 bars, @obs = 19 mm, cobs = 15.4 mm), (i) S-20-40 (3 bars, @obs = 18 mm, cobs =
18.3 mm)

Results include the number and average size of tested concrete cover cos. The correct number of
rebars was detected in all tested specimens. The measured value of covers also showed high
compliance with the true value (20 mm) No possibility of taking direct measurements of diameter
was a drawback of the radar equipment. Therefore, there are no rebar diameters in Fig. 18.
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Figure 19. Results from tests performer with the radar equipment (3): (a) S-10-20 (result: 3 bars, cobs =
22 mm), (b) S-10-30 (3 bars, cobs = 22 mm), (c) S-10-40 (3 bars, cobs = 21 mm), (d) S-16-20 (3 bars,
Cobs = 22 mm), (e) S-16-30 (3 bars, cobs = 21,= mm), (f) S-16-40 (3 bars, cobs = 20 mm), (g) S-20-20 3
bars, cobs = 22 mm), (h) S-20-30 (3 bars, cobs = 20 mm), (i) S-20-40 (3 bars, cobs = 20 mm)

7. Discussion of results
7.1. AAC precast lintels

7.1.1. Stirrups tests

Direct measurements were taken to analyse the accuracy of conducted tests. Thickness of
reinforcement cover in holes made with a 2 mm drill was subjected to direct measurements at tested
locations (Fig. 7). Results from these measurement are presented in column 2 of Table 1.

Results from non-destructive testing of 11 inner stirrups of the beam are presented in Table 1
(three last columns of Table) along with estimators of uncertainty according to [33]. The uncertainty
of calibration was assumed to be equal to the accuracy of particular devices, and the uncertainty of
an experimenter and the random uncertainty were neglected. The real average cover of stirrups was
cobs = 28.3 mm, with the standard deviation of 0.87 mm and the variation coefficient of 3%. The
estimated average reinforcement cover with the standard uncertainty was 3 + 0.3 mm (the confidence
level 68.3%),and the cover taking into account the maximum uncertainty at the confidence level of
99.7% was equal to 28.3 + 0.9 mm. The reinforcement nominal cover was crom = 25 mm, and the
execution deviation allowed by the standard EN 13670 [34] was Aminus = 10 mm. The result obtained
from direct measurements was within determined limits. Considering other methods, the obtained
average cover was 27 mm, 28.6 mm and 27 mm, while standard and maximum deviations did not
exceed +0.3 mm and +1.0 mm. Obtained minimum covers measured with every NDT methods were
bigger than the determined minimum cover taking into account the dimension deviation. The
reinforcement diameter was determined only with the electromagnetic scanner 1. The obtained result
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was equal to 6 mm, with the real diameter of 4.5 mm. However, the device manufacturer declares
detection of rebars with a diameter from 6 mm.

Diameters of stirrups were calculated on the basis of the obtained radargram and using the
equations (5 and 6) and (7). Moving time t, was determined with the device, and other quantities
required for equations were read from the radargram. For equations (5 and 6), the calculated stirrup
diameter was 5.6 mm, and in case of the equation (7), the calculated diameter was 5.9 mm. Thus, the
determined diameter was greater by 33% and 41% respectively than the real diameter.

Table 1. Measurement results for stirrup reinforcement with each method

Cover measured with the method, mm

Measuring point no. Electrom.agnetic Electrom.agneﬁc Radar device
Direct method, cobs device device @)
) 2
1 30.1 27 28.9 27
2 28.1 28 28.6 27
3 28.3 28 29.1 27
4 28.2 28 28.1 27
5 29.1 27 28.6 28
6 27.3 27 28.2 27
7 27.9 27 28.7 27
8 26.9 28 28.3 27
9 28.3 27 28.4 27
10 28.2 27 28.6 27
11 29.0 28 28.7 28
Average cover, Cobs: 28.3 27 28.6 27
Nominal cover, cnom: 15 mm < ¢nom < 25 mm
Calibration uncertainties
0.1 1.0 0.1 1.0
ACobs
Standard deviation, s: 0.87 0.52 0.30 0.40
Standard deviation of
i 0.3 0.2 01 01
the mean value ‘/E
Standard deviation of
the calibration
0.1 0.6 0.1 0.6
Sd — Acobs
J3
Standard uncertainty
_ 0.3 1 0.1 1
S, =457 +5°
Result with standard
uncertainty 28.3+0.3 27+1 28.60.1 27+1
Cuox S,
Maximum uncertainty
0.9 1 04 1

Ac = Ac,y, + 35
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Table 1. Measurement results for stirrup reinforcement with each method cont.

Cover measured with the method, mm

Measuring point no. Electrom.agnetlc Electrom.agnehc Radar device
Direct method, cobs device device
1 ) 3)
O (©)
Result with maximum
uncertainty 28.3+0.9 2741 28.6+0.4 2741
Cnp T AC
Minimum cover cmin 27.4 26 28.2 26

7.1.2. Tests on longitudinal rebars

Similarly as in case of testing stirrups, rebar cover was directly measured and results are shown
in column 2 of table 2. Measurement results are presented in table 2 (three last columns of table) along
with estimators of uncertainty according to [33]. The same assumptions were made as for the
uncertainty analysis of stirrup location. There were some problems with the comparison of
measurement results with the real results because each device detected fewer rebars than the real
number. Finally, it was decided to compare test results of the electromagnetic device 1 (Fig. 10a) to
real measurements made on extreme rebars in holes drilled in places where electromagnetic
measurements were taken (8 measuring points). In case of devices 2 and 3 devices which detected
only one rebar, values from holes were compared to value measured for one rebar. Thus, the same
values are presented for measuring points 1 and 5, 2 and 6, 3 and 7, 4 and 8 (Fig. 10a) in Table 2. The
real average cover of longitudinal rebars was cobs = 29.2 mm, with the standard deviation of 0.7 mm
and the variation coefficient of 2.4 mm. The estimated average reinforcement cover with the standard
uncertainty was 29.2 + 0.3 mm (the confidence level 68.3%),and the cover taking into account the
maximum uncertainty at the confidence level of 99.7% was equal to 29.2 + 0.8 mm.

The nominal cover of reinforcement was crom =25 mm, and execution deviation allowed by the
standard [34] was Aminus = 10 mm. Thus, the obtained result from direct tests was within determined
limits. For other methods, medium-sized covers equal to 34 mm, 27.5 mm and 31 mm were obtained.
Standard deviations mostly did not exceed + 1 mm, and at maximum * 4 mm. Obtained minimum
covers were bigger than minimum values taking into account executive deviations.

In case of main reinforcement testing (beams at the bottom), obtained deviations were
considerably greater than in case of stirrup tests (beams on the lateral surface). It should be
emphasized that every device used in the tests did not detect the real number of rebars in the main
reinforcement. Consequently, the result was burdened with a serious error resulting from the wrong
reading of rebars number by research devices.

Table 2. Measurement results for the main reinforcement with method

Cover measured with the method, mm

Electromagnetic

Measuring point no. . Electromagnetic Radar device
Direct method, cobs device devi
evice (3)
(€]

1 29.1 30 26.2 31
2 28.8 32 27.3 30
3 28.7 35 28.1 31
4 29.2 37 28.4 32
5 29.1 30 26.2 31
6 28.9 32 27.3 30
7 29.2 35 28.1 31
8 30.9 37 28.4 32
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Table 2. Measurement results for the main reinforcement with method cont.

Cover measured with the method, mm

. . El i
Measuring point no. . ectrom.agnetlc Electromagnetic Radar device
Direct method, cobs device .
device 3)
(@)
Average cover, Cobs: 29.2 34 27.5 31
Nominal cover, cnom: 15 mm < ¢nom £ 25 mm
Calibration uncertainties
0.1 1.0 0.1 1.0
ACobs
Standard deviation, s: 0.70 29 0.9 0.8
Standard deviation of
the mean value,
s 0.2 1.0 0.3 0.3
5=—
Jn
Standard deviation of
the calibration
0.1 0.6 0.1 0.6

_ Acobs

5=

Standard uncertainty
_ 0.3 1 0.3 0.6
S, =4/S2 +52

Result with standard

uncertainty 29.2+0.3 3441 27.5%0.3 31+0.6

Cuox S,

Maximum uncertainty

Ac=Ac.. +35 0.8 4 1.1 2

obs

Result with maximum

uncertainty 29.2+0.8 34+4 27.5+1.1 31+2
C,,,tAc

muv —

Minimum cover cmin 28.4 30 26.4 29

7.2. Lightweight concrete specimens

Table 3 presents measurement results for lightweight concrete specimens. There are measured
diameters gos, number of rebars nws and size of cos. A shaded field shows measured values which
were the same as nominal values in models. The analysis of values in the table indicates that the
number of rebars having a diameter greater than 10 mm could be identified at spacing greater than
20 mm using the electromagnetic equipment (1) and (2). Measured values closest to nominal values
of diameters were observed at rebar spacing of 30 mm. The equipment showed similar diameters,
but the false number of rebars at smaller spacing. The average ratio gos / gnom in accordance with
electromagnetic methods (1) and (2) was 1.1. If the accuracy of indications of the electromagnetic
equipment of the order of ca. #1,0 mm was taken into account during the analysis of measurements,
then results from measuring diameters with these methods could be considered as reliable at spacing
larger than 20 mm and for diameters greater than 10 mm. Rebar diameters could not be read in case
of using the radar equipment (3). Therefore, diameters were calculated in a similar way to precast
lintel beam, using equations (5 and 6) and (7). More satisfactory compliance with nominal values was
achieved using equations (5 and 6). And those values are shown in Table 3. Measured diameters were
greater by ca. 15% than nominal values.
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Rebar covers could be measured using all those methods. Electromagnetic methods (1) and (2)
provided the average cover of 21.6 mm and 17.3 mm, respectively. And difference from the nominal
value was +5,0 mm, that is, within limits of allowable execution deviations Aminus = 10 mm specified
by the standard [34]. The radar method ensured more precise results as the measured average cover
was 21.1 mm, and the maximum difference from the nominal value was +2.0 mm.

Table 3. Test results for lightweight concrete specimens

Geometry of models Results from tests conducted with the equipment (1), (2) or (3)
Reinforcement Number Rebar Reinforcement @obs, MM Tobs, MM Cobs, MM
diameter o, of spacing cover Cnom,
mm rebars nom, mm »m» @ 60 @ 6 0 @ 06
Tinom mm
10 3 20 20 8 8 11.9 2 1 3 25 20 22
30 8 10 11.8 3 3 3 20 19.3 22
40 10 9 115 3 3 3 21 19.3 21
16 3 20 20 30 17 18.8 2 3 3 25 15.5 22
30 16 15 18.2 3 3 3 18 16.4 21
40 20 14 17.8 3 3 3 20 16.5 20
20 3 20 20 20 19 23.3 3 3 3 25 15 22
30 20 19 23.1 3 3 3 18 15.4 20
40 20 18 22.8 3 3 3 22 18.3 20

(1) — electromagnetic device (fig 12a), (2) —electromagnetic device (fig 12b),
** values obtained from equations (5 and 6)

—~

3) —radar device (fig.12c),

Tests conducted on lightweight concrete specimens confirmed results from tests on precast lintel
beam. The greatest inaccuracies of measurements were observed for rebars with lower diameters (<10
mm), at small spacing (<20 mm). For greater diameters (>16 mm), even small spacing did not affect
detection of the reinforcement, including the number of rebars, their diameter, and the thickness of
concrete cover. The radar equipment provided more precise size of concrete cover compared to the
electrical equipment. Rebar diameters calculated from the radargram were overcalculated by ca. 15
in comparison to nominal values. However, considerably better results in measuring diameters were
noticed in case of electromagnetic diameters.

Tests indicated that a measurement error was significant particularly for measuring structures
reinforced with small diameter bars at a small spacing. This could lead to improper interpretation of
test results, and consequently to wrong calculation analyses for structures.

8. Conclusions

Conducted tests demonstrated the occurrence of some limitations of two popular methods for
detecting reinforcement location in the structure. Devices were able to correctly detect rebars, even
these of small diameters, providing that they were located at an adequate spacing. Devices for
scanning reinforcement had some problems with defining the correct quantity and diameter of rebars
placed close to each other, at a distance shorter than 2+3 diameters.

Results obtained for covers measured with electromagnetic and radar devices did not
significantly differ in terms of an average value. For the real cover, differences did not exceed
acceptable level of few percent (<5%). There was no clear tendency to state that any of methods
artificially distorted indications, for instance, due to the simplification for measurement method
validation. However, it should be emphasized that minimal covers determined by all non-destructive
techniques were bigger than the minimal cover specified with regard to size deviations (accepted by
standard EN 13670:2011 [34]) and obtained by direct measurements. Thus, tests on existing building
can generate an error which is greater than the acceptable execution deviation. This can lead to wrong
conclusions about the accuracy of a building. Measurements taken in the existing structure should be
analysed with caution because the incorrect interpretation of measurement results for reinforcement
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location in the cross-section can cause a reduction in safety coefficient for steel s, req1 from 1.15 to 1.1
(acc. to EC-2 [35]) and unintentional reduction of safety level in particularly significant support zones
of reinforced concrete structures and prestressed structures.

Studies aiming at connecting both methods, consisting in connecting scans taken with devices
operating according to the electromagnetic and radar method, seem to be reasonable. Hybrid devices
are likely to generate accurate results, especially in terms of measuring reinforcement diameters.
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