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Featured Application: This paper presents test results from non-destructive testing performed to
detect both metallic and non-metallic reinforcement laid in bed joints of the masonry wall.

Abstract: Detecting non-metallic reinforcement made of FRP (Fibre Reinforced Polymers) can be
problematic, particularly at the stage of work inspection and constructional evaluation. In contrast to
steel reinforcement, detecting non-metallic reinforcement is difficult using NDT (Non-Destructive
Testing) techniques. These difficulties mainly arise from considerably lower density, radiation
resistance or electromagnetic impedance and cross-section of rebars when compared to steel
reinforcement. Specific problems with the reinforcement detection are experienced in masonry
structures, in which reinforcement is laid in bed joints. Measurements are made on a masonry face in
the plane perpendicular to the reinforcement plane, and not the parallel one compared to reinforced
concrete structures. Thus, the interpretation of results obtained from NDT can be complicated
due to many physical phenomena occurring during tests, methods of presenting measurements
and their accuracy. This paper compares different testing techniques used to detect non-metallic
reinforcement in the masonry wall made of autoclaved aerated concrete (AAC). For the purpose of
the tests, fibreglass and basalt meshes, traditional steel trusses and steel wire meshes were placed in
bed joints of the masonry wall. An ultrasonic tomography and GPR (Ground-Penetrating Radar)
scanner operating within a broad range of frequencies were used for the tests. We also used the
electromagnetic device to detect metal meshes. As expected, the tests confirmed problems with
detecting the non-metallic reinforcement. Only the radar method was effective in detecting the
non-metallic method, whereas other methods failed. The electromagnetic method detected only the
steel reinforcement in the masonry.

Keywords: rebar location; FRP reinforcement; NDT methods; GPR testing; ultrasonic testing;
electromagnetic testing; bed joint reinforced masonry; autoclaved aerated concrete (AAC)

1. Introduction

Non-metallic Fiber Reinforced Polymer (FRP) reinforcement is used in the building sector as an
alternative to conventional bars and steel meshes for reinforcing concrete and masonry. Durability,
and particularly resistance to corrosion, high tensile strength, and very low specific gravity are
advantages of this reinforcement. That is why non-metallic reinforcement is more commonly used.
However, strength characteristics of this material, the lack of clear qualitative standards for its
production, resistance to high temperatures and, until recently, the lack of design procedures have
raised a series of doubts.
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Non-metallic reinforcement in concrete structures is usually applied in wall and slab elements,
which do not require any bent bars, and reinforcement anchorage can be performed easily [1,2].
Moreover, research works have been conducted on the reinforcement for beam elements without
stirrups [3] and the preparation of hybrid beams with steel and non-metallic reinforcement [4].
No restrictions on employing reinforcement in elements exposed to puncturing and twisting are
known [3]. Minor plastic deformations reduce the possibility of using non-metallic reinforcement in
structures, for which redistribution of bending moments (slabs and continuous beams) is permitted.

In masonry structures, non-metallic reinforcement is applied in regions of concentrated stresses,
such as the zone below the window [5-7], regions of concentrated loads [8] and zones connecting
perpendicular walls [9]. Reinforcement can be used to reduce the risk of crack formation or to provide
higher strength capacity to the element [10-16]. Bed joint reinforcement can be also applied in structures
exposed to seismic effects. Masonry walls used as reinforced concrete frame infill are particularly
susceptible to cracking [17-22]. Reinforcement laid in bed joints limits the width of cracks developed
in this type of wall.

The more common uses of non-metallic reinforcement in reinforced concrete and masonry
structures create problems with their diagnosing. Detecting small-diameter non-metallic reinforcement
after completing the wall, at the stage of works acceptance or constructional evaluation is difficult
and often requires professional diagnostic equipment. In practice, uncovering each bed joint of
the masonry wall to detect the reinforcement is unlikely. Hence, non-destructive testing is the
only alternative; however, this is difficult because reinforcement is in the plane perpendicular to
the wall face. This article describes the results from non-destructive tests that were conducted to
detect the metallic and non-metallic bed joint reinforcement in the AAC masonry wall using different
diagnostic techniques. We prepared tests elements and performed non-destructive tests using the GPR
equipment, the electromagnetic equipment and the ultrasonic tomograph. The ultrasonic tomograph
with 24 exponential transducers, the GPR equipment with antennae having a frequency range of
0.2-4.0 GHz, and the electromagnetic equipment with one transmitting coil and seven pairs of receiving
coils were selected for the tests. The main objective of these tests was to detect the non-metallic
reinforcement laid in thin bed joints of the masonry wall that was made of autoclaved aerated concrete.
These tests were conducted using different and commonly applied non-destructive techniques.

2. Potential of Non-Destructive Tests for Detecting the Reinforcement

Currently, non-destructive tests that are conducted to detect reinforcement in structures involve
radar, electromagnetic, radiologic (radiographic), ultrasonic and tomography techniques [23-26].
The radiologic technique was commonly applied in the 1960s and 1970s, since it produced the best
results. This technique is based on X, v, or other hard radiation and its recording that follows radiation
emitted to the tested facility. During the tests on structures, radiation was recorded using special
photographic films sensitive to ionising radiation. Radiographic techniques are now rarely used
because of their long test duration, time-consuming elaboration of results and the exposure of operators
performing measurements to harmful effects of hard radiation. Accuracy and a wide range (depth) of
measurements are the unquestionable advantages of radiology.

The ultrasonic technique is an acoustic technique based on the analysis of relations between the
velocity of elastic waves with a frequency higher than 20 kHz, which propagate in solid medium,
and the properties of that medium. These methods are mainly employed to determine the strength of
concrete and masonry, to detect voids and discontinuities in the structure, and to test crack depths.
Due to different velocity of an acoustic wave in concrete/masonry and reinforcement, and the effects
of wave interference and reflection, the ultrasonic technique can be applied to detect reinforcement.
The typical frequency of ultrasonic waves used to detect reinforcement varies from 20 to 100 kHz.
Until recently, the method had not been suitable for locating the reinforcement due to its low accuracy.
Modern devices for ultrasound tomography increase the measuring accuracy as the elastic wave is
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induced by a multi-head antenna equipped with many independent ultrasonic transducers. This is
why efforts have been made to detect reinforcement using this method [27-32].

Infrared thermography consists of recording, processing, and visualising the invisible IR emitted
by a body. Infrared thermography usually uses the medium IR band with a wavelength of 0.9-14 pm.
A thermal image (thermogram) is the result of tests capturing temperature distribution over the area of
a tested body. Non-destructive tests using infrared thermography can be divided into procedures of
passive and active tests [26,33,34]. Passive thermography analyses heat emitted by material without
any additional thermal simulation, whereas active thermography is based on thermal analyses of
the material response after its exposure to heat. Thermography can be used to detect reinforcement
as concrete and steel have different thermal properties. Hence, this technique gives very promising
results [33-35].

Currently, electromagnetic and radar techniques are the most popular non-destructive techniques
for detecting reinforcement. Electromagnetic methods for locating reinforcement in reinforced concrete
elements usually include the analysis of changes in the magnetic field near rebars [22,23,36]. However,
they are suitable only for detecting metallic reinforcement. The GPR (Ground-Penetrating Radar)
method is based on emitting electromagnetic waves in ultra-short and short frequencies of radio
waves and recording waves reflected from layers characterised by variable dielectric properties.
This technique had rarely been used for reinforced concrete structures until the 1980s [24,25,37].
At that time, both the measuring technique and the methods of interpreting results were improved.
Currently, many measuring systems are available that vary in measurement ranges and levels of result
interpretation. Thus, the GPR technique is often used to localise reinforcement [38]. The assumed
measurement range of 1.0-3.0 GHz offered by devices available on the market limits the method
accuracy. Lower frequencies enable to make tests at greater depths, and higher ones to detect small
bodies localised near a tested edge. Density and porosity of tested concrete also affect the results.
Due to wave suppression, tests are usually performed on concrete with the standard density within
the range of 2400-2700 kg/m?, less commonly on light concrete with a density from 350 to 1500 kg/m?.

Non-metallic reinforcement applied in reinforced concrete structures is usually characterised
by diameters greater than or equal to 5 mm, whereas masonry structures (with standard or thin
joints) usually have meshes with weaves up to 1 mm in diameter, which are more difficult to localise.
Problems with detecting reinforcement in masonry structures are also caused by its location. Contrary
to reinforced concrete structures, reinforcement is horizontal, that is, in a perpendicular direction to
the tested area because it is usually laid in head joints of the masonry, often in thin joints.

This article describes an attempt to detect the non-metallic reinforcement in the masonry wall
using different diagnostic techniques. The ultrasonic tomograph with 24 exponential transducers
and the GPR device equipped with antennae having a wide range of frequencies 0.2-4.0 GHz were
employed in the tests.

3. Experimental Campaign

3.1. Test Specimens

Two masonry specimens were prepared to detect the reinforcement. Each of them contained four
masonry units made of AAC, with the strength f}, = 4.04 N/mm? and nominal density of 600 kg/m?,
which were placed on thin-layer mortar of class M5. Test results for masonry units of the mortar and
the masonry itself are described in the papers [10]. The specimens had a width equal to a width of a
single masonry unit, a height of 970 mm and a thickness of 180 mm. The thickness of the bed joints was
3 mm in accordance with the standard EN 1996-1-1 [39]. Different types of reinforcement (Figure 1)
were laid in individual joints of both specimens. The applied reinforcement included two metallic
meshes, two meshes from fibreglass and two meshes from basalt fibre.
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Figure 1. Masonry specimens used in tests: 1—steel mesh reinforcement (size 12 X 12 mm), 2—fibreglass
mesh reinforcement (size 10 X 12 mm), 3—basalt mesh reinforcement (size 30 x 30 mm), 4—truss-type
reinforcement, 5—fibreglass mesh reinforcement (size 5 X 5 mm), 6—basalt mesh reinforcement (size

8 X 8 mm).

The steel mesh with wires having a diameter of 1.2 mm and mesh size of 12 x 12 mm (Figure 2a)
was laid in the top joint in the first test sample. The mesh wires were protected against corrosion by hot
dip galvanization. The fibreglass mesh with latex protective coat and a window size 10 X 12 mm was
used in the central joint. Its weft section was 0.42 X 2 mm, and a warp was composed of three fibres
with the smallest section of 2 X 0.2 x 0.4 mm (Figure 2b). The mesh density was 2500 kg/m>. A basalt
mesh with a window size 30 X 30 mm was in the bottom joint. The weft section was 0.8 X 3.2 mm,
and the warp was composed of four fibres with the smallest section of 0.3 X 0.9 mm (Figure 2c).
The mesh density was 1800 kg/m°.

Additional tests were performed on the unreinforced masonry wall for comparative purposes.
That wall is shown in Figure 1, behind specimens No. 1 and 2.
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5 mm

Figure 2. Microscopic view of reinforcement used in tests: (a) steel mesh reinforcement with a diameter
of 1.2 mm, (b) fibreglass mesh (size 10 x 12 mm), (c) basalt fibre mesh (size 30 X 30 mm), (d) truss-type
reinforcement, (e) fibreglass mesh (size 5 x 5 mm), (f) basalt fibre mesh (size 10 x 10 mm).

The top joint in the second specimen had a truss reinforcement of EFZ 140/Z 140 type intended for
masonry walls built on thin joints. That reinforcement was composed of two flat bars with a section of
1.6 X 8 mm (design strength of strip steel fy = 685 N/mm? acc. to the code [40]) and trussing from a wire
having a diameter of 1.6 mm (Figure 2d). The spacing of flat bars was 140 mm, and the reinforcement
was protected against corrosion by hot dip galvanization. The fibreglass mesh (size 5 X 5 mm) was
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in the central joint. The weft section was 0.22 x 1.5 mm, and the warp was composed of two fibres
with a smallest diameter of 0.3 mm (Figure 2e). The mesh density was 2550 kg/m>. Basalt mesh size of
10 x 10 mm TBM Reinforcement Fiberglass Geogrid (maximum strength of 1 m of mesh determined
acc. to [41], method A—testing a weft -38.7 kIN/m, testing a warp—22.7 kN/m) was laid in the bottom
joint in the second test sample. The mesh had a weft section of 0.5 X 1.5 mm, and a warp with the
smallest section of 2 x 0.3 x 0.6 mm (Figure 2f). The basalt mesh density was 1800 kg/m?.

3.2. Measurement Techniques and Equipment

The tests were performed with the ultrasonic tomograph and the GPR device. Additionally,
the electromagnetic scanner was used for the masonry specimens. The applied equipment is shown in
Figure 3. The ultrasonic tomograph (Pundit 250 Array—manufacturer Proceq AG, Schwerzenbach,
Switzerland) was equipped with eight measuring transducers in each three rows, operating within
a frequency range of 50 kHz. Each measuring transducer was emitting an ultrasonic shear wave.
The working principles are that one channel transmits and the others are listening, each receiving
a separate so-called A-scan (ultrasonic signal described by the dependence of amplitude on time),
then the second channel transmits and the others are listening and so on [42]. Transducers were sending
their own signals one after another with a delay of 8 + 200 ms. The complete measurement in one row
included 28 A-scans (Figure 4). A-scans are used to create in real time a B-scan, i.e., the cross-section of
the tested element located perpendicular to the scanning surface. To display the results from tests,
the software assigns amplitudes of the received signals to colours and creates maps. The lowest
amplitudes are displayed in navy blue, and the highest ones in red.

Radar measurements employ the GPR system (GPR Live—manufacturer Proceq AG,
Schwerzenbach, Switzerland) with antennae generating the measurement signal with a stepwise
variable frequency within the range of 0.2 + 4.0 GHz. During the tests, the frequency was changed
progressively in an automatic way, and the max. acquisition time was 20 ns. The upper limit of obtained
frequencies was particularly important for the test elements. The maximum thickness of elements
tested with that device was 70 cm. This device involves the time of flight method (TOFM), which
simultaneously records the received signal and the movement of wheels in the measuring transducer.
As in the ultrasonic tomograph, the instrument combines A-scans to create B-scans in real time. C-scans,
showing the cross-section of the test object parallel to the scanning surface, are additionally taken by
the GPR instrument [43]. The test results displayed by the software are similar to the visualization of
the results from the ultrasonic tests.

() ®» (9

Figure 3. Applied measuring equipment, (a) electromagnetic scanner - PS 200, (b) ultrasonic tomography
- Pundit 250 Array, (c) radar scanner - GPR Live.
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Figure 4. Principles of measurements made with ultrasonic tomograph, 1—tested element, 2—ultrasonic
transducer, 3—ultrasound beam.

The electromagnetic scanner (PS 200—manufacturer Hilti Corp., Schaan, Lichtenstein) was the
last device used during the tests conducted on the masonry units. The scanning head was equipped
with a circumferential transmitting coil and seven receiving coils. We analysed current induced in the
receiving coils. That equipment could only detect metallic reinforcement built into top joints of the
masonry specimens.

A measuring grid, with a mesh size 10 X 10 cm, shown in Figure 5, was plotted onto planes of
all test samples. In the case of tests using ultrasound tomography, a line scan was taken that ran
through the whole height of the measuring base beginning at the top of the model. The tests with
the GPR equipment and the electromagnetic scanner were conducted on the whole selected surface.
Additionally, the line scans of the masonry specimens were taken along a height of the measuring base
using the GPR equipment. Line scans started from the base bottom (in accordance with requirements
of the measuring tool).
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Figure 5. Measuring bases plotted onto masonry test samples, 1—measuring grid.
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4. Test Results

The tests were at first performed on the masonry wall with unreinforced bed joints. The purpose
of the tests was to show whether the device recorded the image of bed joints with thin-layer mortar and
head joints. The representative results from the tests performed with the GPR equipment are shown in
Figure 6. The tests confirmed that the device recorded bed and head joints. However, the results did
not clearly indicate the presence of mortar in the joints.

(a) (b)

Figure 6. Tests on unreinforced masonry wall: (a) photo of tested area, (b) results from tests with

Ground-Penetrating Radar (GPR) equipment (C-scan)-no visible joints.

The core tests were conducted on the masonry wall with the reinforcement laid in the bed
joints. Figure 7a illustrates the results from linear measurement taken with the ultrasonic tomograph,
and Figure 7b shows similar results from the linear measurement taken with the GPR equipment.
The location of the tested reinforcement is seen in both figures. However, the results obtained from
the measurements with the GPR equipment are presented as the mirror reflection to provide a better
comparison with the results obtained from the ultrasound measurement (the scan was taken in a
reverse direction). The fine reinforcement from the fibreglass mesh (Section 2 shown in scans) was not
detected in either cases. However, each device detected the metallic mesh much better despite its very
small diameter. The first wire of the metallic mesh was clearly visible in the GPR scan (a hyperbole
illustrating location of the mesh wire is shown in Figure 7b). More distant wires were not visible
because their diameter was very small. Some anomalies in the metallic mesh were also visible in
the ultrasound scan. The basalt mesh (Section 3 shown in scans) was barely visible in both scans.
Some scan disorders were observed, but generally, interpretation of the measurements was impossible
without knowing the sample content.

Figure 8 shows the results from the area scan taken with the GPR equipment. The reinforcement
location was detected as in Figure 7. Metal reinforcing mesh and basalt reinforcing mesh were also
detected as in the line scan, but the basalt mesh reinforcement was the most visible. Similar tests were
performed on the second masonry specimen.

Figure 9a presents the result from the linear measurements taken with the ultrasonic tomograph,
and Figure 9b shows a similar result from the linear measurements taken with the GPR equipment. Asin
sample 1, none of the both techniques detected the fine reinforcement of the fibreglass mesh (Section 2
shown in scans). These techniques were more effective in detecting the truss-type reinforcement.
The first wire (the upper one in the scan) of the metal truss was clearly seen in case of both tests.
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The basalt mesh (Section 3 shown in scans) was barely visible in both scans, as in specimen 1.
The interpretation of measurements was again impossible without knowing the sample content.

(b)

Figure 7. B-scans (sectional view of the element) of the masonry specimen No. 1 from tests performed
with: (a) ultrasonic tomography, (b) GPR scanner, 1—location of steel mesh with a diameter of 1.2 mm,
2—location of fibreglass mesh (size 10 X 12 mm), 3—location of basalt mesh (size 30 x 30 mm).
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Figure 8. C-scan of the masonry specimen No. 1 at the depth of 30 + 150 mm obtained from the GPR
scanner (the area scan).

(b)

Figure 9. B-scans (sectional view of the element) of the masonry specimen No. 2 from tests performed
with: (a) ultrasonic tomography, (b) GPR scanner, 1—location of truss-type reinforcement, 2—location
of fibreglass mesh (size 5 x 5 mm), 3—location of basalt mesh (size 8 X 8 mm).
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Figure 10 shows the area scan with the detected reinforcement. The scan was taken with the
GPR equipment. As in the case of the line scan, the metal mesh and basalt mesh reinforcement were
detected, and the latter one was clearly visible in that scan.

The electromagnetic tests were conducted only for the visualization purpose as this method is not
used for detecting non-metallic reinforcement. However, the authors considered whether the mesh
with small diameter wires, built into the sample No. 1, could be detected. Moreover, the images of the
metallic reinforcement in both specimens were obtained during the tests (Figure 11).

Figure 10. C-scan of the masonry specimen No. 2 at the depth of 10 <+ 30 mm obtained from the GPR
scanner (a surface scan).
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Figure 11. Results from electromagnetic tests of the masonry specimens, (a) masonry specimen No. 1,
(b) masonry specimen No. 2.
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5. Conclusions

Diagnostic of masonry walls will be required in the future as the production and application
of non-metallic reinforcement have been continuously developed. Moreover, the standardization
of products and calculation procedures is needed. As in the case of reinforced concrete structures,
diameter and geometry of reinforcement (cover, rebar spacing, overlaps, junctions, bends) will have to
be unambiguously determined. However, problems related to the detection of reinforcement with a
diameter < 2.0 mm, which is laid in bed joints of the masonry wall, are completely neglected in the
area of commercial potentials of equipment and scientific methods of measurements. This type of
reinforcement is usually made of non-metallic mesh, steel mesh is not as popular. Reinforcement for
bed joints is applied not only in infill walls, but also in load-bearing walls carrying mainly vertical
load, and in stiffening walls.

Currently, researchers and practising engineers have access to tools for testing metallic
reinforcement or detecting defects in structures. These tools have different usefulness as shown
during the performed tests.

In the case of masonry structures, none of the employed methods provided expected results, that s,
diameters and geometry of the used reinforcement. The obtained results did not significantly differ
from the results obtained for bed joints without reinforcement or with different types of reinforcement.
For fibreglass mesh with the smallest diameter, the results were completely unrecognizable and
indistinguishable. The detection of basalt mesh with larger fibres was successful using UT and GPR
methods. And steel reinforcement — steel mesh and truss, was detected with the electromagnetic
equipment; however, its diameters and geometry were not determined. In each case, recognizable
imaging was limited to areas closest to the surface, to which transducers or probes were applied. It was
difficult to identify the geometry of reinforcement inside the masonry.

Considering the current development of NDT methods, non-metallic reinforcement should be
tested using at least two methods that can detect its approximated location. Measurements with
ultrasonic equipment should be performed using the array of transducers located on the smallest
possible area to ensure that the mutual delay in measurements of individual transducers is as long
as possible. In the case of GPR scanners, the equipment with variable frequency of electromagnetic
impulse and high values of the limiting frequency should be selected. Regardless of obtained results,
the identification of types of mesh fibre or FRP rebars should be confirmed by conducting destructive
testing (DT) of specimens taken from the structure.

Further works on detecting reinforcement in bed joints of the masonry wall should focus on
improving measuring possibilities of test equipment. In the case of GPR equipment, better results can
be obtained when the instrument with high-frequency impulses (> 2.5 GHz) is used. The improvement
in ultrasonic equipment should be understood as the development of measuring techniques and
processing results obtained from multi-transducer tomographs.

The application of combined NDT techniques, e.g., infrared thermography and post processing by
means of neural networks [44], or ultrasonic methods and the methods of acoustoelastic emission [45],
seems to be an interesting solution for non-destructive detecting of non-metallic reinforcement.
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