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This study deals with experimental and numerical investigations of elastic wave propagation in steel bars
partially embedded in mortar. The bars with different bonding lengths were tested. Two types of damage were
considered: damage of the steel bar and damage of the mortar. Longitudinal waves were excited by a
piezoelectric actuator and a vibrometer was used to non-contact measurements of velocity signals. Numerical
calculations were performed using the finite elements method. As a result, this paper discusses the possibility of
condition assessment in bars embedded in mortar by means of elastic waves.
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1. Introduction

Rebars embedded in concrete or mortar are commonly used as constructional elements in civil
engineering applications. The inserts in the form of bars, wires, strings, cables and nets can be used as the
reinforcement. Reinforced concrete structures like tall buildings, bridges, silos or dams are made of a
composite material with steel bars placed in concrete. Other types of structures reinforced with bars or wires
are ground anchors and rock bolts. Ground anchors are intended for supporting retaining walls while rock
bolts are widely used for reinforcement of rocks and tunnels. They consist of cement grouted, prestressed
tendons installed in soils or rocks (Sabatini et al., 1999; Wang et al., 2009; Szulborski et al., 2013). Despite
relatively high durability of reinforced concrete structures, they are subjected to continuous degradation due
to excessive loads and atmospheric conditions. The most common problem is progressive deterioration of
bond between the steel bar and composite material as well as damage of reinforcement caused by corrosion.
Therefore investigation of damage detection methodologies is of great interest to the civil and mechanical
engineering community. In recent years various damage diagnostics systems have been developed for the
evaluation of reinforced concrete structures (e.g., Hota and Schabowicz, 2010; Gotaski et al., 2012). Of
particular interests are methods based on elastic wave propagation. While guided wave propagation-based
techniques have been applied for many years in steel, aluminum and composite structures (e.g., Jurek et al.,
2007; Rucka 2010; Zak et al., 2012), currently there is a considerable and growing interest in the use of
guided waves for the evaluation of reinforced concrete structures (e.g. Chroscielewski et al., 2012; Rucka
and Wilde, 2013) or rock bolt structures (e.g., Beard and Lowe, 2003; Wang et al., 2009; Zou et al., 2010;
Rucka, 2013; Rucka and Zima, 2014). The methods based on propagation of ultrasonic waves are also used
to assess the degree of corrosion of steel encased in concrete (Ervin et al., 2009, Lu et al., 2013) or detection
of locations where delamination occurred at the border of concrete-steel (Na ef al., 2003).
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This study deals with the experimental and numerical investigations of elastic wave propagation in
steel bars partially embedded in mortar. The bars with different bonding lengths were tested. Two types of
damage were considered: damage of the steel bar and damage of the mortar. As a result, the paper discusses
the possibility of condition assessment of bars embedded in mortar by means of elastic waves.

2. Wave propagation in bars embedded in mortar

At the interface between media with different physical properties (i.e., the modulus of elasticity £
and the mass density p) two phenomena may occur: a wave can be reflected from the boundary or it can

be transmitted into the second medium (Fig.1). Each medium can be characterized by a resistance value
called acoustic impedance which is the opposition of a medium to a longitudinal wave motion and is
defined as

W =pc=.\pE 2.1

where ¢ denotes the velocity of the longitudinal wave. The reflection coefficient R and the transmission
coefficient 7' can be written as Rose (1999)
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The intensity of reflection and transmission depends on the difference between values of acoustic

impedance of two media. In the case of two media with different velocity of longitudinal wave propagation,
only the part of the wave energy penetrates the second medium, while the remaining part is reflected. A large
difference in the impedance can result in complete reflection of a wave, while a small difference in the
impedance may be the cause of the dominance of the wave transmission into the surrounding medium.
A long, slender bar can be perceived as a waveguide along which so-called guided waves can propagate.
Considering the free bar (i.e., the bar surrounded by air), the wave propagates along it and when the wave
reaches the bar ends, it is completely reflected. A different situation occurs when the bar is embedded in a
material (e.g., mortar) with impedance properties more similar to the impedance properties of steel. In such a
case the wave leakage occurs at the interface between the steel and mortar (Fig.2).
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Fig.1. Wave reflection and passing through the boundary between media.
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Fig.2. Wave leakage on the steel-mortar interface.

3. Experimental investigations
3.1. Description of specimens

The specimen tested in this study was a steel bar (E = 200 GPa; v = 0.3; p = 7556 kg/m’) embedded
in mortar (E = 5 GPa; v = 0.16; p= 1770 kg/m’). The steel bar has a cross section of 0.6x0.6 cm’ and a
length of 7 m (Fig.3). A defect in the form of a rectangular notch with a depth of 7 mm (0.5 mm on both sides
of the bar) and a length of 5 mm was located at a distance of 67.5 cm from the left end of the bar. The steel
bar was embedded in a rectangular block of mortar with a cross section of 2.6x2.6 ¢m” and a length x. Figure
3 shows the scheme of the typical tested specimen. During the experiment the mortar cover was gradually
removed from the bar length. Consequently, 15 different specimens (of numbers from #1 to #15) were made
with a mortar length varying from x = 96 cm (specimen #1) to x = 0 cm (specimen #15). The geometry of all
tested specimens is given in Fig.4. Additionally, in some specimens the mortar was destroyed by making a
notch with a width of about 5 mm (Fig.5).
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Fig.3. Scheme of the tested specimen.
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Fig.5. Photographs of bars partially embedded in mortar: a) specimen #3; b) specimen #4 (with damage of
the mortar).

3.2. Experimental setup

The experimental setup for wave propagation is shown in Fig.6. Ultrasonic waves were excited by
the arbitrary waveform generator (Tektronix AFG 3022) with the high voltage amplifier (EC Electronics
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PPA 2000). The PZT plate actuator Noliac CMAP11 of dimensions 5x5x2 mm’ was bonded as the actuator
on the left end of the bar. Propagating velocity signals v(f) were sensed and recorded by the scanning head of
the laser vibrometer Polytec PSV-3D-400-M on the same end where the excitation has been realized (cf.
Fig.3). The PZT actuator produced ultrasonic wave which propagated through the specimen in the
longitudinal direction. A five-peak wave packet obtained from the multiplication of a sinusoidal function of a
carrier frequency f = 100 kHz and a window function w(¢) was chosen as the excitation signal p(?)

P, Sin(2mft) - w(t) t€[0,T,],
p(t) = {

3.1
0 t>T,, G-

where T, denotes the length of a window and p, is an amplitude of a sinusoidal function. The Hanning

window was applied as a window function
w(t)=0.5(1—cos(2nfi/n,)), 1€[0.T,] (3.2)

where 7,, denotes the number of counts in the tone burst.

scanning head

Fig.6. Experimental setup for wave propagation measurements in the bar embedded in mortar.
4. Numerical simulations of wave propagation by FEM

Numerical calculations of elastic wave propagation were performed by using the finite elements
method in Abaqus/Explicit. The system of the bar embedded in mortar under consideration was discretized
using 8-node solid elements (C3D8R) with dimensions / xI < mm’ with reduced integration and hourglass
control. The size of the elements was chosen according to the recommendation that more than 20 nodes per
wavelength should be used to represent accurately propagating waves (Moser et al., 1999)

Ao
] = Zmin 4.1
iy 4.1)

where [, is the finite element length and A_;, denotes the shortest wavelength. The size of the integration

step was set as Af =1 077 s and it satisfied the rule (Moser et al., 1999)
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where f

oy 18 the highest frequency of interest.

The boundary conditions were assumed as free on all edges. The numerical model did not take into
account the possibility of worse conditions of adhesion between steel and mortar. Materials of the bar and
the cover were assumed to have linear elastic behaviour. The excitation p(¢) in the form of the wave packet
was realized by the application of a surface load with a value of 30 kPa to the left end of the bar. The
velocity signal v(¢) was recorded on the same end of the bar (cf. Fig.3).

Figure 7 shows maps of the velocity field propagated in specimen #6 at selected time instances. After
excitation of the wave packet, the guided wave propagated along the free part of the bar (Fig.7a). When the
wave reached the anchorage place, a part of the wave was reflected from the anchorage while another part
was transmitted. The wave transmitted along the bar leaked into the entire volume of the mortar (Figs 7b, ¢,

d) even though only the steel bar was excited.

a) incident wave
b)

wave reflected
from the anchorage

/

c)

Fig.7. Maps of velocity field propagated in specimen #6 (component v, — along the axis of the bar) at
selected time instances: a) £ = 6x107 s;b) t=1.05x10" s;¢) t=1.65x10"s; d) t = 3.3x107 5.

5. Results of wave propagation in bars embedded in mortar
5.1. Comparison of numerical and experimental results

The results of experimental and numerical investigations are presented in Fig.8 in the form of wave
propagation signals recorded at the left end of the bar for all specimens of numbers from #1 to #15. In each
diagram numerical signals were plotted as envelopes and they were imposed on signals obtained
experimentally. To create signal envelopes, the Hilbert transform was implemented according to the formula
(Potamianos and Maragos, 1994)

(T

P() = jv—)dr (5.1)

QAl~

-7

where v(t) is the registered signal of the propagating wave.
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Fig.8. Set of wave propagation signals collected during experiments and corresponding results of numerical
investigations (in the form of signal envelopes).
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The compatibility of the experimental and numerical signals can be visible in two ways: reflections
from the notch of the steel bar and the anchorage occurred at the same time and the values of the registered
amplitudes were consistent. Identification of reflections from the anchorage was more difficult in the cases
when the bonding length included almost the whole bar length (Figs 8a, b) because the reflection from the
anchorage which is located close to the end of the bar equipped with the actuator became covered with the
input wave packet. When the distance between the source of waves and the anchorage was long enough to
avoid interference of the excited wave packet and undesirable reflections, localization of the anchorage was
easy to identify (see Fig.8) based on the knowledge of the group velocity of the axial wave propagated in the
bar and the time of registered reflection in the wave propagation signal.

5.2. Identification of damage in mortar

Four pairs of bars embedded in mortar were analyzed. As the reference models, specimens #1, #3, #6
and #9 were examined. The notch of a width of about 5 mm was cut in mortar in specimens #2, #4, #7 and
#10 at a distance of 20 cm from the anchorage (cf. Fig.4, Fig.5). In Fig.9 experimental wave propagation
signals for the bars with the same bonding length are presented. The results for bars with damaged mortar are
drawn as the signal envelopes. A single measurement for the bar with damaged mortar did not provide
information about condition assessment of the structure. Comparing a signal for the bar with damaged mortar
with a signal recognized as reference, differences in signal amplitudes can be observed. These small changes,
marked with ellipses in Fig.9, can serve as indicators for damage assessment.
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Fig.9. Set of wave propagation signals collected during experiments for bars with the same length of
undamaged and damaged mortar: a) specimens #1 and #2; b) specimens #3 and #4; a) specimens #6
and #7; a) specimens #9 and #10.
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5.3. Bar damage identification

The last stage of investigations concerned the possibility of detection of the notch in the steel bar in
the case when damage was covered by mortar. In Fig.10 envelopes of recorded wave propagation signals for
bars with bonding length from 56 cm (specimen #6) to 36 cm (specimen #10) are presented. For bars with
greater bonding lengths than 56 c¢m identification of reflection from damage was impossible (cf. Fig.8).
Reflection from damage in the bar occurred at the time instance equal to 0.3 ms. As we can see, the
amplitude values depend on the bonding length of the bar. Even though the bonding lengths in the case of
specimens #6 and #7 are practically the same, the amplitude value is different. It is caused by the presence of
the notch in mortar. The propagation path along which the leakage occurs is shorter by the width of the notch
(5 mm) and even such a small difference caused changes in registered signals. A similar situation can be
observed in the case of specimen #9 and #10. For these two bars the distance from the anchorage to damage
of the bar is the same because the notch of the mortar has been made behind damage of the steel bar.
Therefore the attenuation of guided waves in this case may be caused by worse conditions of adhesion
between the steel bar and mortar as a result of cuts during the experiment.
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Fig.10. Set of wave propagation signals collected during experiments for bars with different bonding lengths
(specimens #6 to #10): comparison of amplitudes of reflections from damage of the steel bar.

The attenuation coefficient K is a measure of the loss of the energy transferred into the bar cover
(Wang et al., 2009; Paviakovic et al., 2001). In general, it is used to evaluate the grouting quality of the
embedded bar. The attenuation coefficient can be expressed by the relation (Wang et al., 2009)
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where L is the length of the bar, 4, is the amplitude of the excitation wave and 4, is the amplitude of the
reflected wave. In this study, the attenuation coefficient was used to assess the energy loss on the base of
reflection from damage of the bar. Therefore, length L was equal to 67.5 cm (the position of the notch) and
A, was the amplitude of the wave reflected from this damage. Figure 11 shows the curve of the attenuation

coefficient K for specimens of numbers from #6 to #10. It can be seen that as the bonding length increases
and conditions of adhesion become better, more energy is transferred from the bar into mortar.
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Fig.11. Curve of attenuation coefficient K for specimens #6 to #10.
6. Conclusions

This paper presents an experimental and numerical study on the possibility of the application of
ultrasonic waves for the evaluation of damage in a steel bar embedded in mortar. The specimens with
different bonding length were tested. Velocity time histories of elastic waves propagation have been used for
condition assessment. Difficulties in extraction and interpretation of information from wave propagation
signals resulted from the progressive wave leakage. When the bonding quality of the bar embedded in mortar
got better because of the increase of the bonding length, more energy was transferred from the bar into
mortar which led to a significant attenuation of the guided wave. It was possible to identify the localization
of the anchorage based on the knowledge of the group velocity of the axial wave propagated in the bar and
the time or registered reflection in the wave propagation signal.

Two types of damage in the bar embedded in mortar have been considered: damage of the mortar
and damage of the steel bar. A single measurement for the bar with damaged mortar did not provide
information about condition assessment of the structure. However, a comparison of a signal for the bar with
damaged mortar with a signal recognized as reference disclosed differences in signal amplitudes that can be
used for assessing the bonding quality. Identification of the notch in the steel bar was possible only in the
case when the distance between the anchorage and the defect was smaller than 26 cm. Amplitude values of
the wave reflected from the notch cut in the bar varied with the bonding length of the bar. The results proved
that with the increase of the bonding length, more energy of the guided wave is transferred into the mortar.
For this reason, attenuation of the amplitude of the elastic wave propagating in the anchored steel element
can be used to assess the bonding quality of rock bolts.
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Nomenclature

4, —amplitude of the excitation wave
A4, —amplitude of the reflected wave
¢ —velocity of the longitudinal wave
E —modulus of elasticity
f —frequency
K — attenuation coefficient
L —length of the bar
— finite element length
—number of counts in a tone burst
p, —amplitude of a sinusoidal function

p(t) — excitation signal
R —reflection coefficient
T - transmission coefficient
— length of a window function
t —time
v(t) — velocity signal of the propagating wave
W) — Hilbert transform of a signal
W —acoustic impedance
w(t) —window function
At —integration step
A —wavelength
p —mass density
v — Poission coefficient
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