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ABSTRACT

The present study aims at developing a non-destructive evaluation technique based on elastic wave
scattering and the finite element method for the detection and evaluation of localized damage in rebar of
reinforced concrete beams. Simulation of corrosion effect was taken for a tensile bar by creating a defect
in this bar while the rest of the rebar and stirrups were kept unchanged. The study is based on com-
parison of propagation pattern of elastic waves in the presence and in the absence of defect. The
proposed method was found capable to provide non-destructive evaluation of rebar corrosion in
reinforced concrete beams, thus enabling diagnosis of reinforcement concretes structures attacked by
corrosion. The obtained results can be further used to locate corroded areas.
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1. INTRODUCTION

Reinforced Concrete (RC) is a material characterized by durability and long life in very harsh
environmental conditions and corrosion cracking is a main penalty in terms of safety and
reliability for the various fields of manufacturing and industrial in particular civil engineering
[1]. Acoustic non-destructive assessment of rebar corrosion is a hazard can suddenly cause a
rather dramatic catastrophic failure especially for reinforced concrete structures, a proposed
non-destructive rebar characterization methodology [2]. Damage detection in composite
floor beams by the acoustic emission method show that fracture shape failure develop [3].
Corrosion is one of the main forms of attack caused by the environment that affects RC
structures [4]. This deterioration is usually induced by chemical degradation of the cemen-
tation matrix, which reduces protection of rebar, which then suffer corrosion [5].

To ensure durability of RC constructions, rebar corrosion inspection is required. There
are two types of rebar corrosion testing techniques: Destructive Testing (DT) and Non-
Destructive Testing (NDT). DT based methods provide straightforward and accurate
information, but execution speed and extension of examined areas should be restricted. In
addition, this way of testing causes local damage to RC structures. On the opposite, NDT
based methods do not harm inspected parts and have a faster testing speed and a bigger
testing coverage than DT. However, they may show only a limited testing accuracy if they are
not adequately executed.

As a result, NDT techniques can be judged to provide a better option for state monitoring
of RC structures evaluation if accuracy issue is assessed [6, 7]. Recently, the use of the guided
elastic waves has become a popular method for non-destructive testing of structures.
Ultrasonic Guided Waves (UGW) have been found to be highly sensitive to most types of
damage and efficient in detecting small and deep defects [8]. In light of the many wave modes
propagating in concrete and along an embedded rebar, guided wave application for assessing
the structural integrity of concrete structures have recently been described to enable detecting
of defects in concrete and reinforcing rebar [5].
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R. R. Hussain [7] have shown that ultrasonic guided
waves can be used to determine the existence, position, and
dimensions of surface rust. Q. Tang et al. [8] proposed two
corrosion indicators, baseline and center frequency to detect
and quantify corrosion in a cylindrical rebar. Q. Tang et al.
[9] used a Wave Finite Element Method (WFEM) to study
the propagation of ultrasounds in a damaged steel reinforced
beam. This enabled to estimate the amplitudes of right and
left propagating waves at near-zero wave number. The ratio
of these wave amplitudes is reduced as a result of localized
damage. A sensor array that is placed on one side of the
potential damage site can be used to sense this ratio in
practice in order to localize damage zones.

Sriramadasu et al. [10] have used UGW scattering to
perform detection and evaluation of corrosion in naked
rebar. They used the arrival time of dominant modes to fix
the limits of the damaged zone. They introduced a scatter
coefficient that enables to characterize dispersion of energy
in corroded rebar. They demonstrated that this coefficient
undergoes a perceptible increase as mass of steel is lost by
corrosion. Mustapha et al. [11] have used the wavelet
transform to localize delamination damage in RC structures.

The present study aims at developing a NDT technique
which is based on the Finite Element Method (FEM) and
scattering of UGW in order to make detection and evalua-
tion of localized damage in the reinforcements of RC beams.
A study regarding the behavior of Lamb waves, in terms of
change of amplitude, due to the presence of a corrosion
defect in a steel beam is performed. Simulation of corrosion
effect is realized for a tensile bar, while the stirrups and the
rest of the structure remain unchanged. The detection pro-
cedure relays on comparing the behavior of the wave signal
in the damaged beam (with corroded rebar) and that in the
intact beam (without corrosion). This allows quantifying
amplitude change caused by corrosion in the tensile rebar.
As a final stage, localization of the corroded zone and the
extent of corrosion can be used to conduct reanalysis of the
structure, and to calculate the modified displacements and
stresses in RC elements as affected by corrosion.

Several studies have been conducted to study the phe-
nomenon of corrosion by fixing the sensors to the ends of
reinforcement [12, 13].

2. GUIDED WAVE PROPAGATION IN ELASTIC
STRUCTURES

Lamb waves are elastic waves propagating in solid media, the
wave propagation model used in this work is that presented
in [14]. The Navier governing equation of wave propagation
is given by:

(A+ G)VV.U; 4+ GV*U; + pf = pU;, (i=1, 2, 3), (1)

where U; is the displacement along the x; axis; f; is the body
force component along the x; axis; p is the density; G is shear
modulus; U, is the acceleration; 4 is Lame constant; V de-
notes the nabla operator and the double dot designates
second partial time derivative,
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following form:

(2)

U, = Alcos(mH)e’:(kZ_‘”t),
U, = Azcos(mﬂ)e’l(kz_“’t), (3)
U; = Ascos(m0)e' 1),

Using the Helmholtz decomposition [15, 16], Eq. (1)
represents in a simple form exhibiting two parts than can be
grouped as
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where ¢ and y are the scalar and vector potentials and VX
denotes the curl operator, V? the vector Laplacian and ¢ is
time. These potentials are not unique. Fixing the uniqueness
condition of the potentials by imposing the two terms
between brackets in Eq. (4) to vanish, one obtains the
equations:

L= 5
x+2+2 (5)

and
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Being the longitudinal and transverse (shear) volumetric
wave velocities, respectively.

Equations (5) and (6) represent all the possible elementary
volume waves that can propagate in the elastic medium:
dilatation of shear waves. The process of resolution should
also consider the boundary conditions. These can yield exis-
tence of special waves as particular solutions that combine
both of these two elementary waves, functioning as surface
Rayleigh waves or Lamb waves, or in general what is called
guided waves. Analytical solutions exist for some specific
domain geometries and boundary conditions. In the
following, numerical modeling in considered in order to
capture in a more general form guided waves in RC structures.

3. NUMERICAL MODELING OF RC BEAMS

Finite element modeling of elastic wave propagation occur-
ring in a finite RC beam in considered in this section.

3.1. Beam geometry and material properties

The RC beam is assumed to have a constant rectangular cross
section. The beam length is L, = 3.30m, the width of the
cross section is W;, = 0.20m and its height is D, = 0.30 m.
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Table 1. Mechanical properties of RC beam materials

Material p (kg m™?) A (GPa) G (GPa)
Concrete 2,500 4.658 10.87
Steel 7,850 1154 56.92

The material properties of the RC beam are given in
Table 1.

The beam is reinforced in the upper part of the section
with two compression bars having a diameter of 12 X 10™> m,
and in the lower part of the section with two tension bars
having a diameter of 14 X 10~ >m. Stirrups with a diameter of
6 X 107> m and a spacing of 10 X 10~* m compose the shear
reinforcements. For concrete protection of the reinforcement,
a cover of 25 X 107> m is used. Table 2 summarizes the di-
ameters and surfaces of the bars used in the RC beam.
Figure 1 gives details of the rebar and stirrups. Figure 2 shows
location of the defect in the reinforcement beam.

3.2. The method of detecting corrosion defects for a
reinforced concrete beam

The fault detection method in a concrete beam with steel
reinforcements along the x axis is cut in two phases, the first
in a holy beam before the application of the fault and the
second with a beam of the same geometric characteristic
but damaged; the two specimens are it is shown in Fig. 3,
with a 5-cycle tone. A(f) cycles applied to the sensor at end
A, regenerating a Lamb wave signal that is picked up by the
sensor. Side B is B(¢) [17].

The wave captured normally is reversed in time as
A'(t) = B(-t) then the application again on the side of B’
which is normally a test tube in holy reinforced concrete.

Table 2. Diameters and surfaces of the bars used in the beam

Diameter (X107 m) Area (X107° m?)

Stirrup 6 2.8247
Compressive rebar 12 11.3100
Tensile rebar 14 15.3930

Compression steel

g
g
m T
/ 3300
—fensile
steel a)

—2 912 mm rebars

6 mm stirrups @ 100mm (n=33)
~2 914 mm rebars
200

b)

Fig. 1. Details of reinforcements of the RC beam; a) longitudinal
section view showing the longitudinal bars and stirrups spacing;
b) cross-sectional view showing a stirrup bar (all dimensions
in X 107> m) (Source: Author)
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Fig. 3. Steel time reversal detecting system (Source: Author)

3.3. Boundary conditions

The beam is assumed to be pinned U; = U, = U; = 0 at the
section position x = 0.825 and position x = 2.475. Figure 4
shows the boundary conditions imposed to the RC beam
motion.

3.4. Analysis results

Simulations were carried out by means of ABAQUS/Explicit
Finite Element (FE) software packages. The C3D8 (3D
8-node linear isoperimetric element) was used for meshing.
A uniform mesh with cubic elements was created for six
different mesh sizes. The mesh size was gradually increased
from 10 mm up to 60 mm. Figure 5 shows the convergence
analysis between stress and mesh size used for the RC
structure.

Fig. 4. Boundary conditions considered for the RC beam (Source:
Author)
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Fig. 5. The study of the mesh convergence on von Mises stress
values for six mesh size elements (Source: Author)

The choice of mesh fineness is an essential issue in
finite element simulations: the finer the mesh, the less it
contributes to the differences between simulation and reality
and it can conclude that a fine mesh will always give a better
result, It can be seen in Fig. 5 that the von Mises stress is
almost similar between the following mesh sizes: 40, 50 and
60 mm. As it is observed there is no significant difference
between the coarse mesh and the refined mesh up to the
6th sizes. One can also notice that there is hardly any
difference between coarse mesh and the refined mesh for
all the different sizes.

In Figs 6 and 7 the refined mesh of pitch equal to 40 mm
is used to calculate under ABAQUS the transient response
using the general type procedure and the Dynamic/Explicit
option of the Step module. This allows a better spatial
resolution.

3.4. Burst-tone excitation signal

Theoretically, for an elastic structure the obtained response
has a frequency content that is driven by that of the exci-
tation signal. According to [17], the obtained guided waves
were shown to have a wavelet spectrum, which is compatible
with that of the excitation signal. In the following, the
excitation signal is taken to be sine wave modulated by a
Hamming’s window. It has for 0<t<N/f the following
form (8):

s

¥4 X

Fig. 6. The refined mesh used in finite element modeling, sizes
40 mm (Source: Author)

Brought to you by MTA Konyvtar és Informaciods Kozpont olvasdk | Unauthenticated | Downloaded 08/01/23 11:00 AM UTC

S, Mises
(Avg: 75%)
+2.080e+04
+1.907e+04
+1.734e+04
+1.561e+04
—+ +1.388e+04
- +1.215e+04
+1.042e+04
+8.686e+03
+6.956e+03
+5.225e+03
+3.495e+03
- +1.764e+03
+3.364e+01

Y
Step: Step-1

I Increment  29922: Step Time = 1.7000E-02
X < Primary Var: S, Mises

Fig. 7. The von Mises stresses with refined mesh 40 mm (Source:
Author)

A(t) = sin(2zft + 0) [0.54 — 0.46c0s <2§ ftﬂ . ®)

For t <0 or t > N/f the signal vanishes, so the excitation
consists of a tone-burst like signal with N fixing the number
of the cycles; f the central frequency and 6 a phase
parameter.

Lamb waves are formed from double waveforms (modes):
ant-symmetric modes and symmetric modes due to its
pattern and dispersion of the Lamb waves [18]. The software
used to draw the dispersion curves for reinforcements with
a diameter of 14 mm is disperse curve [19, 20]. The group
speed is determined by the numerical method via the
increment time between the input wave and the output for
each stress signal as a function of the diameter of the rebar.
Verification of the dispersion curves based on the group
velocities that have been determined experimentally on the
holy (undamaged) steel reinforcements, it can be seen that
the only suitable form for our geometry and with less
dispersion is 5 cycles with a center frequency of 50 kHz.

In this study, the excitation signal is centered on the
work frequency f = 50 kHz and has 5 cycles. The maximum
amplitude is fixed at 0.27. Figure 8 presents time variations
and Fast Fourier Transformation FFT spectrum of this tone-
burst signal.

Figure 9 shows the Fast Fourier Transformation (FFT),
this excitation spectrum obtained by applying the fast
Fourier transform, using the fft command from Matlab.

Amplitude(mm)

.0.05 1 L L L L 1
0.0 0 05 1 1.5 2 25 3 35

Time (s) X 10-5

Fig. 8. Five-cycle tone-burst modulated at 50 kHz (Source: Author)
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Fig. 9. FFT spectrum of the tone burst (Source: Author)
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Fig. 10. Reflected waves from the intact and corrosion damaged
beams (Source: Author)

The propagation of waves in two cases a holy beam and
the other damaged by corrosion is considered. When the
wave enters the part of the defect, which has a degradation
of the material due to corrosion, the displacement of the
wave increases that is shown is Fig. 10. The ABAQUS/
Explicit FE analysis was carried out to simulate the propa-
gation in two cases a holy beam and the other damaged by
corrosion in tensile rebar. The result presented is a due
response of a node sensor, the propagation of the incident
Lamb wave in time as a function of the beam displacement,
when the wave enters the part of the defect, which has a
degradation of the material due to corrosion, the displace-
ment of the wave increase. The result gives a clear view of
the influence of damage in the structure.

4. CONCLUSIONS

The ABAQUS/Explicit FE analysis was carried out to
simulate the propagation in two cases a holy beam and the
other damaged by corrosion in tensile rebar. The result
presented is a due response of a node sensor, the propaga-
tion of the incident Lamb wave in time as a function of
the beam displacement, when the wave enters the part of
the defect, which has a degradation of the material due
to corrosion, the displacement of the wave increase. The
result gives a clear view of the influence of damage in the
structure.
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