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Abstract

Concrete spalling, which typically develops from crack initiation to delamination in
concrete cover, is usually caused by the corrosion of steel rebars. It reduces the capacity of
concrete structures, and falling concrete pieces also directly threaten the safety of occupants.
Early detection of concrete cover delamination is crucial for timely repair to avoid severe
concrete spalling. Although techniques for detecting large-size delamination are available for
bridges, their effectiveness in reinforced concrete buildings is limited because of relatively
smaller delamination sizes. The baseline-free electromechanical impedance (EMI) technique,
which utilizes the resonant frequencies of a target object for material characterization and
delamination detection, has a great potential to detect near-surface concrete delamination in
small sizes. However, the limited detected range of traditional fixed sensors cannot cover
sufficiently large areas in actual practice. To address this critical deficiency, this study improves
baseline-free EMI techniques by using a movable sensor to detect concrete delamination, which,
to the best of our knowledge, has not been reported in the literature. Numerical and
experimental studies on a laboratory-scale slab with corrosion-induced delamination were
conducted to examine the proposed method. Results show that the proposed method can detect,
localize, and assess concrete delamination effectively. Moreover, the successful detection of
concrete delamination was realized in on-site tests, showing the practicality of the proposed
method.
Keywords. concrete spalling, delamination, movable PZT sensors, baseline-free,

electromechanical impedance technique, nondestructive testing method.



Introduction

Concrete spalling is commonly observed in reinforced concrete (RC) structures and is
usually caused by steel rebar corrosion [1] or freeze-thaw damage [2, 3]. The spalling process
is typically induced by corrosion-induced expansion of steel rebars. It reduces the shear
resistance of concrete members and poses a significant threat to the safety of occupants,
especially in old buildings. For example, in the five years between 1996 and 2000, there were
27 reported incidents because of the concrete spalling in public areas in Hong Kong, resulting
in 17 injuries and 2 deaths [4]. Concrete cover spalling often starts from near-surface
delamination, typically the separation along a plane roughly parallel to and generally near the
surface [5]. Early detection of near-surface delamination is crucial for timely maintenance and
repair. However, delamination is invisible until it is severe enough to result in surface cracking
[6].

Nondestructive testing (NDT) methods are useful for revealing hidden damage [7].
Gucunski [8] compared different NDT methods, including impact-echo, impulse-response,
ultrasonic pulse echo, infrared thermography, and ground-penetrating radar, and reported that
the impact-echo method was the best technique among them in detecting delamination defects.
The impact-echo method can evaluate the condition of concrete plates (e.g., pavement slabs,
bridge decks, and thick concrete walls) by analyzing the elastic waves received by
displacement sensors, geophones, or accelerometers resulting from a mechanical impact. Kee
and Gucunski [9] utilized an accelerometer with an effective frequency range of up to 10 kHz
to detect shallow delaminated areas larger than 254 mm x 305 mm in a concrete bridge deck.
However, this large detectable size of the impact-echo method limits its applicability to indoor
concrete slabs because local delamination affects areas as small as thousands of square
millimeters [5].

The electro-mechanical impedance (EMI) approach, as an extension of the mechanical
impedance technique, has emerged as a popular damage detection method [10, 11]. In the EMI
technique, the electrical impedance of a bonded piezoelectric sensor is coupled with the

mechanical impedance of a host structure [10], which is of high interest in real practice. An



advantage of the EMI technique is that a target body’s vibration spectrum with multiple
resonant modes can be directly measured up to several tens of kilohertz accurately, stably, and
quickly by using a piezoceramic sensor [11-14]. Lead zirconate titanate (PZT) patches, which
have high sensitivity and low cost, are commonly employed as actuators-cum-sensors and
attached to target structures through bonding materials (e.g., epoxy). Considering the rigid
nature of the bond, these sensors are referred to as fixed sensors in this study. Although fixed
sensors could detect delamination in adhesive and composite materials to a certain degree of
success, using them to detect delamination in concrete structures remains challenging. The
detectable area of a single fixed PZT sensor is considerably smaller than large areas of interest
in civil engineering structures [15]; while using arrays of PZT sensors to monitor an entire
structure is often uneconomical, if not impossible. Such fixed sensors are more suitable for
monitoring small critical or repaired zones [16]. Therefore, applying a single movable sensor
to inspect large suspected areas is highly desirable in practice from the operational perspective.

Studies have proven that the EMI technique using fixed sensors can detect debonding in
adhesive joints and delamination in composite plates by observing new resonance peaks in the
spectra [11, 17, 18]. Root-mean-square deviation, a commonly used statistical index, is utilized
to evaluate the severity of debonding at different locations [17]. In general, the EMI spectrum
measured from a structure under inspection is compared with the baseline spectrum acquired
in its pristine state through a statistical index [19-21], which is referred to as a baseline-
dependent EMI technique. A difference beyond the predefined threshold of the statistical index
is then considered an indication of structural damage. Despite its simple concept, a baseline-
dependent evaluation method is susceptible to changes in the properties of sensors (e.g., PZT
and adhesive materials) and environmental conditions (e.g., temperature changes) [13, 22-24],
limiting its practical applicability. By contrast, a baseline-free EMI technique utilizes the
resonant frequencies highly related to the target structures and has proven to be insensitive to
the sizes and geometries of PZT sensors, adhesive material types, and temperature effects,
showing great promise in material characterization and damage detection [13, 25]. However,

such baseline-free EMI techniques were typically developed for fixed sensors, and a movable



sensor-oriented EMI technique has yet to be developed.

The following research gaps are identified from existing studies: (1) An easy-to-use
mobile sensing technique that can be implemented in practice is highly desirable for detecting
concrete delamination in indoor RC structures, but it has not been investigated so far. (2) A
baseline-free evaluation method for quantitative assessment is needed, whose signature
characteristics should be physically correlated to delamination size. To address these research
gaps, this study developed an innovative EMI technique to detect the delamination of concrete
cover by using a movable PZT sensor. The feasibility of the concept was investigated
numerically first by considering the process of concrete spalling. Laboratory experiments on
corrosion-induced delamination were conducted to validate the proposed method. In particular,
a field measurement was performed in an old building to show the practicality of the developed
technique. The rest of the paper is presented as follows. First, the concept of the proposed
method is introduced. Subsequently, the effectiveness of the proposed method is examined
through a series of numerical investigations, followed by laboratory experimental validations.

Last, the practicality of the proposed method for on-site detection is verified.
Concept and principle of movable PZT sensors for delamination detection
Movable PZT sensors

In the traditional EMI technique, patch-shaped piezoelectric sensors (also called
piezoelectric wafer active sensors), polarized in the thickness direction, are commonly used for
long-term monitoring and short-term NDT [25]. The bottom of a patch-like sensor is bonded
to a target structure (e.g., a concrete surface) by using an adhesive material (e.g., epoxy). The
sensor in the d31 mode excites and senses the in-plane vibration of the target structure in a wide
frequency range (i.e., up to hundreds of kilohertz), as shown in Figure 1(a). This type of sensor
is thin and unobtrusive when bonded to a surface [17]. The yellow coordinate in the figure
defines three orthogonal axes of the PZT sensor, which is polarized along Axis-3. Traditionally,
a rigid bond between the sensor and the surface is needed to provide good in-plane actuation

(i.e., along Axis-1 and Axis-2 directions) [26]. However, a rigid bond makes the PZT sensor



nonreusable and limits the mobility of the EMI technique.

Couplant and double-sided tapes, called soft bonds in this paper, are frequently used in
acoustic emission sensor calibration and accelerometer installation for short-term
measurements [27, 28]. They can serve as alternative bonding agents for providing mobility to
the PZT sensor. However, most couplants and tapes have low viscosity, so good transmission
can only be provided along the motion perpendicular to the contact surface [26]. Therefore,
PZT sensors that can actuate perpendicular to the contact surface are desirable when soft bonds
are used. A PZT sensor with a large thickness (i.e., rectangular parallelepiped and polarized
along Axis-3) is employed as a movable sensor because it provides an adequate bonding area
to actuate and sense motions perpendicular to the contact surface (along the z axis), as shown
in Figure 1(b). Notable differences in actuation force directions can be observed between the

fixed and movable sensors in Figure 1.
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Figure 1. Actuating mechanisms of the traditional fixed PZT sensor and the
proposed movable PZT sensor (Axes 1, 2, and 3 show the coordinates of the
PZT sensor, and Axis-3 is the polarization direction of the piezoceramic sensor)

Figure 2 presents the PZT sensor and bonding materials utilized in this work. The size of
the PZT sensor was 15 x 15 x 12 mm?®. The electrode surfaces were along the Axis-3 direction
(Figure 2(a)). Electric wires were welded on electrodes for convenient connection. One side
surface without electrodes served as the contact surface. The bonding material was essentially
double-sided adhesive tape (3M VHB 5608A) with a thickness of 0.8 mm (Figure 2(b)). Like
a stethoscope, the PZT sensor can be easily detached from the structure after the measurement
and moved to a new checkpoint for further damage detection operation, offering unprecedented

flexibility in the EMI measurement.
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Figure 2. The adopted PZT sensor and bonding tape

Corrosion-induced cracking and spalling

Concrete spalling appears in diverse geometrical shapes [29], depending on the aggregates,
steel spacings, and thicknesses of concrete covers [1]. Corrosion-induced concrete spalling
processes can typically be divided into corrosion, delamination involving horizontal and
inclined cracks, and spalling [8]. Figure 3 presents the crack types and their development
between multiple corroded rebars. The spacing of corroded steel rebars (relative to the concrete
cover thickness and the diameter of the steel rebars) plays an important role in determining

cracks’ propagation directions [30]. When the spacing is large, two inclined cracks initiate from



the corroded steel rebar and propagate toward the surface, as shown by Paths 1a and 1b [31];
meanwhile, visible surface cracks appear and propagate along Path 2. The shape of the spalled
concrete cover is similar to a triangle. By contrast, when the spacing is small, the joint action
of the adjacent corroded rebars can cause severe delamination (horizontal cracks along Path 3)
prior to the visible surface cracking [1, 32]; meanwhile, other cracks propagate along Path 1a.
Finally, the cracks along Paths 1a, 1b, and 3 contribute to spalling, and the shape of the spalled
concrete cover is similar to a rectangle. The inclined cracks (Path 1) can be viewed as a

combination of horizontal and vertical cracks.
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Figure 3. Crack types and development process of corrosion-induced spalling

Principle of delamination detection using a movable PZT sensor

Figure 4 presents the mechanism and principle of using a movable PZT sensor to detect
delamination in the cover of a concrete slab. As shown in Figure 1(b), the sensor connected to
AC sweeping voltage applies actuation forces perpendicular to the contact surface (along the z
axis). Only the attached sensor’s resonant frequency (denoted by fpzT) can be easily identified
in the low-frequency range when the checked area is healthy. The attached sensor’s resonance
in this work differs from the sensor’s resonance tested in free-free status. Note that the resonant
frequency of the PZT sensor adopted in this study is higher than 50 kHz in a free state, but the
dominant resonance peak moves to around 12 kHz after being attached to the concrete surface.
The low-order vibration modes of the concrete slab can hardly be captured because of the
limited actuation force of the PZT sensor and the large mechanical impedance of the host
structure in the frequency range below fpzt. The strain of the PZT sensor induced by AC voltage
is larger by at least one order of magnitude than the one induced by the responses of large

structures, leading to low sensitivity [33, 34]. Some high-order structural resonant frequencies



(i.e., fstrue) can be captured with relatively low amplitude in the high-frequency range above 10
kHz.

By contrast, when the near-surface delamination occurs in a localized area, the
delaminated part can be considered a two-way plate with four ends fixed or simply supported.
Because of its considerably smaller size than the original slab, the local resonant vibrations of
such a delaminated two-way plate can be actuated easily by the PZT sensor. Consequently, the
corresponding local resonant frequencies, known as local defect resonance in composites [35—
37], can be obtained. Unlike deep delamination dominated by the thickness stretch modes, the
spectral responses of near-surface delamination (i.e., shallow delamination) are dominated by
flexural vibration modes [9], which is also proven in the numerical results in the following
section. A series of resonance peaks denoted by ffex-1, ffiex-2, and ffex-3, corresponding to multiple
flexural modes of the defect, are distinct in the low-frequency range (below fpzr) in the
measured spectra and will be used for defect assessment in this study. It is noteworthy that the
frequency range of the signal spectra in Figure 4 is intentionally removed for a general
expression for variable slab and delamination sizes. The specific frequency range will be

discussed in the numerical and experimental cases in the following sections.
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Figure 4. Working principle of the movable sensor for detecting the
delamination of the concrete cover of a concrete slab

Numerical feasibility study

A series of numerical analyses were conducted to examine the feasibility of the proposed
method in this section. The corresponding experimental validation is presented in laboratory

investigations.
Numerical model for simulation

As explained in Figure 3, horizontal delamination and vertical/inclined cracks play
important roles in spalling induced by multiple corroded rebars. Therefore, simplified
numerical models were built in consideration of the propagation of the horizontal and vertical

cracks using the commercial finite element software ANSYS. Figure 5 shows the finite element
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model consisting of three materials: concrete, PZT, and adhesive tape materials. Steel rebars
were ignored in this model, considering that they are above the delamination and have limited
effects on the resonance of the delaminated layer, which was confirmed by numerical
comparison. The simulated concrete slab was divided into two parts, namely, the intact and
damaged parts. The damaged part was composed of five cuboid subparts. Delamination was
simulated by changing the contact between the intact and damaged parts from fully bonded to
unbonded interfaces. The contact interfaces were assumed to be flat for simplification,
consistent with the modeling by Li et al. [38], Solodov et al. [36], and Kee and Gucunski [9].
The four sides of the delaminated part are assumed as vertical interfaces perpendicular to the
slab surface.

The simulated concrete slab had the same size (length = 450 mm, width = 350 mm, and
height = 120 mm) as that of the tested specimen. The slab size was considerably larger than the
detectable range of the sensor, indicating that the boundary conditions can be ignored.
Therefore, free boundary conditions were modeled for the concrete slab. The details of the
sensor are shown in Figure 2. The height of the PZT sensor (i.e., along the Axis-3 direction)
was 12 mm, while the electrode area was 15 x 15 mm?. The bonding layer was modeled as a
thin layer having a thickness of 0.8 mm and the same area as the sensor (i.e., 15 x 12 mm?).
Most of the adopted parameters are consistent with the experiment setting in the laboratory

investigations.
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Figure 5. Geometric information of the numerical model

The PZT sensor was excited by a sinusoidal voltage of 1 V in the polarization directions
(i.e., along the Axis-3) within a frequency range of 0—20 kHz (interval: 0.1 kHz). After a
convergence analysis, element mesh sizes of 1.6 and 0.8 mm were selected for the PZT and
adhesive materials, respectively; and 2.5- and 30.0-mm mesh sizes were set for the damaged
and intact parts, respectively. Unlike the previous simulations in the literature, the interfaces
between the PZT sensor, the adhesive layer, and the concrete are assumed to be tied only along
the normal direction of the contact surface (i.e., sliding is permitted). The contact interfaces
between the intact and damaged parts of the concrete are assumed to be fully bonded in a
healthy status. When delamination/cracking occurs, no ties exist between two contact surfaces,
and the horizontal and vertical cracks are modeled with zero thickness. Table 1 lists the material
properties of the adhesion and concrete for the tested specimen in laboratory investigation,
where the former was provided by the factory and the latter was obtained from the laboratory
tests. The PZT properties and element types are the same as those adopted by Sha and Zhu [13].

Table 1 Material properties of adhesion and concrete

Material Parameters Values
Density, pe (kg/m?) 680
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Modulus of elasticity, E. (GPa) 0.85

Adhesi ) .
es'lve Poisson’s ratio, e 0.49
materials . .
Damping ratio, & 0.10
Density, p. (kg/m?) 2368
Modulus of elasticity, E. (GPa) 35
Concrete } :
Poisson’s ratio, u. 0.20
Damping ratio, & 0.02

Signature characteristics for different damage levels

This section correlates the signal characteristics in the EMI spectra to the different damage
levels of near-surface delamination, which is a prerequisite for delamination detection. Figure
6 shows multiple damage levels that simulate the whole spalling process. The intact status is
considered the control group, where the steel spacing of » = 200 mm and the concrete cover
thickness of # = 15 mm are within regular ranges. Five damage levels were simulated, where
the horizontal crack width and vertical crack depth were quantified with respect to b and #,
respectively (Figure 6). The label 0.255-0.33/ indicates that the horizontal cracks accounted
for 25% of the steel spacing, and the vertical cracks accounted for 33% of the concrete cover
thickness. Damage was considered to occur simultaneously at the two rebars. The horizontal
cracks initiated from the two rebars and propagated horizontally to each other, eventually
becoming one delaminated layer. Meanwhile, the vertical cracks were assumed to occur and
propagate on three sides simultaneously. The simulated damage development was consistent
with the cracking process shown in Figure 3 and that reported by Zhang and Su [39]. The sensor
was installed on a fixed checkpoint (i.e., x = —35/8 and y = 0) on the bottom surface of the left

delaminated area.
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Figure 6. Different damage levels for simulating the spalling process

Figure 7 presents the signal spectra at different damage levels. The dimensionless physical

quantity G/B stands for the complementary angle of the phase and has been proven effective in
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capturing resonance peaks in the EMI spectra [13], where G and B refer to the conductance
(i.e., the real part of admittance) and susceptance (i.e., the imaginary part of admittance) of the
signal, respectively. The obtained frequency spectra were smoothed via a moving average
operation with a 500-Hz window to remove minor peaks that were caused by measurement
noise and did not correspond to resonance peaks, thereby facilitating peak identification. Figure
8 shows the vibration mode shapes corresponding to several important peaks. The vibration
modes in Figures 7 and 8 are categorized into three types, namely, the PZT mode, slab modes
(i.e., related to the behavior of the slab), and local defect modes according to their deformation
type, which are labeled as PM, SM, and LDM, respectively. Several researchers discussed the
definitions of the PZT mode and structural modes [13, 21, 25]. In EMI techniques, the PZT
mode exhibits a distinct amplitude, while the structural modes usually have relatively smaller
amplitudes [21]. The local defect modes have been widely discussed in composite materials.
The captured local defect modes present larger amplitudes than structural modes in the
spectrum and can be utilized for delamination and debonding detection [11, 17, 18].

Figure 7(a) shows the signal spectra at the early stage of the spalling process. In Cases (i)-
(ii1), the sensor was located above the intact area, the boundary of the intact and delaminated
areas, and the delaminated area, respectively. In the intact case (Case i), three peaks in the
spectrum were labeled as PM (fpzr = 12.7 kHz), SM-L (13.6 kHz), and SM-T (17.4 kHz), whose
corresponding mode shapes are shown in Figure 8(a). The peak PM corresponded to the
attached PZT sensor mode, whose displacements were concentrated on the sensor and bonding
layer. Consequently, the peak PM was highly dependent on the properties of the sensor and the
adhesive layer. The peak SM-L (where L indicates that the sensor is on the left side)
corresponded to a high-order concrete slab mode excited by the PZT sensor. Its vibration
displacements mainly occurred on the sensor and at the edge of the slab. The peak SM-T
corresponded to the thickness stretch mode of the concrete slab, which was governed by the
thickness and properties of the concrete slab. In the intact case, no peaks were found in the
low-frequency ranges (i.e., < fpz7).

In Case ii (i.e., 0.255-0.334), the signal spectrum retained a similar pattern to the intact
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case. The peak PM moved leftward, and the peak SM-L retained nearly the same frequency.
The peak SM-T showed a slight change due to the changes in the local boundary conditions.
In the third case (i.e., 0.505-0.334%), the pattern of the signal spectrum changed considerably
compared with those in the previous two cases. The sensor modes (PM) and two identified slab
modes (SM-L and SM-T) were no longer captured. A series of peaks highly related to the local
defect appeared in the signal spectrum. Six easily-observed peaks are labeled as the local defect
mode in Figure 7(a), and their mode shapes are shown in Figure 8(b). The first two peaks
(LDM-A0 and LDM-A) corresponded to the first-order local defect mode, in which the major
deformation was along the length of the delaminated layer. The first-order mode was split into
two because of the simultaneous delamination appearance on the left and right sides. The peak
LDM-AO (8.5 kHz) showed the deformation of two delaminated areas on the left and right
sides, while LDM-A (9.4 kHz) showed the mode only related to the left delaminated area.
Similar phenomena were observed for the peaks LDM-BO0 (11.6 kHz) and LDM-B (12.8 kHz),
both of which corresponded to the third-order mode along the length of the delaminated layer.
The second-order mode was missing because the PZT sensor was installed on the symmetric
plane. The peaks LDM-C (15.1 kHz) corresponded to the first-order mode along the width of
the delaminated layer, and LDM-D (16.9 kHz) corresponded to the fifth-order modes along the

length of the delaminated layer.
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Figure 7. Signal spectra at different damage levels

Figure 7(b) plots the signal spectra at the further development stage of the spalling process.
The horizontal and vertical cracks continued to propagate in the three cases. By comparing
Case iv (0.75b-0.33h) with Case iii (0.505-0.33%) and Case v (0.75b-0.664), the effects of the
horizontal and vertical cracks could be observed, respectively. In Case iv (0.75b-0.334%), the
local defect modes moved leftward compared with those in Case iii (0.505-0.33%), but the
signal spectrum had the same pattern. LDM-A0 and LDM-A moved from 8.5 and 9.4 kHz to
5.9 and 6.6 kHz, respectively. The peak LDM-B0 became too weak to capture. The peaks
LDM-C and LDM-D moved from 15.1 and 16.9 kHz to 9.4 and 12.9 kHz, respectively. The
signal spectrum in Case v (0.75b-0.66/) also had the same pattern as that in Case iv (0.75b-
0.334). However, the leftward movement of the local defect modes induced by the vertical
crack development was much smaller than that caused by the horizontal cracks. For example,
LDM-AO and LDM-A moved to 5.5 and 6.3 kHz, respectively, with only 0.4 and 0.3 kHz
differences, respectively. Aside from the frequency movement, the peaks’ magnitude also
decreased as the horizontal and vertical cracks propagated.

In Case vi (1.005-0.664), the two horizontal cracks merged, leading to a dramatic change
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in the detected region compared with the two other cases. The first several local defect modes
moved leftward substantially. However, the peak LDM-A was too weak to be captured. The
PZT sensors typically have low sensitivity in the low-frequency range because of the high
impedance of the capacitance-type sensor in this range, which prevents the generated charge
from being retained and results in underestimated structure responses [40]. For the adopted
PZT sensor in this study, a frequency range smaller than 2 kHz is not recommended when using
the EMI technique in practice. Although the first-order local defect mode was missed, high-

order local defect modes can still be captured in the signal spectrum.

PZT mode Slab mede-L Slab mode-Thick

(a) Mode shapes of the PZT sensor and slab (Case i: intact)

Local defect mode-A0 Local defect mode-A

Local defect mode-B Local defect mode-C Local defect mode-D

(b) First four captured local defect modes (Case iii: 0.506-0.334)
Figure 8. Classic vibration mode shapes corresponding to the characteristic peaks in the
spectra (The color shows the displacement magnitude. The minimum and maximum
displacements are shown in blue and red, respectively, and the intermediate displacements

are shown in green and yellow)
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Effect of bonding layer

Sha and Zhu [13] numerically and experimentally showed that the resonant frequencies
of concrete cubes captured by the EMI technique do not vary with the properties of the rigid
adhesive layer (e.g., epoxy). However, the movable sensors used double-sided tape as the
bonding material, which was considerably different from the traditional rigid bonding layers.
Considering its weak bonding along the tangential direction of the contact surface, the effect
of the flexible bonding layer is examined to show the generalizability of the proposed method.

Large bonding thicknesses and high surface unevenness may affect through-transmission
characteristics and reduce sensor sensitivity [13, 26, 41]. In particular, using tape bonding can
hardly ensure a perfect contact surface in practical measurement. Such undesirable weak
bonding was simulated by reducing the modulus of elasticity of the bonding layer.

Figure 9 shows the effect of the modulus of elasticity (E£.) of the bonding layer on the
signals in the intact and damaged cases (i.e., Case i and Case iv: 0.755-0.33/%). The peak PM
(corresponding to the PZT sensor mode) in the intact case was substantially affected by three
E. values (namely, 0.50, 0.85, and 1.20 GPa) in the signal spectrum (Figure 9(a)). As E.
increased, the PZT peaks moved rightward (from 10.6 kHz to 14.6 kHz) and upward (from 1.5
degrees to 3.8 degrees), indicating the higher transmission ability of the bonding layer. As the
transmission ability increased, the resonance peaks of the slab (i.e., SM-L and SM-T) were
strengthened and could easily be identified, but the frequencies of the two slab modes varied
slightly.

In the damaged case (Case iv: 0.756-0.33/4) shown in Figure 9(b), as E. increased, the
frequencies of the first two local defect modes remained the same, while their magnitude
showed a slight variation. But the frequencies of the high-order local defect modes slightly
increased with increments in E.. For example, the frequencies of LDM-B and LDM-C
increased from 9.1 kHz to 9.5 kHz and from 11.8 kHz to 13.8 kHz, respectively. The likely
reasons for the frequency increments of the local defect modes were: (1) the sizes of the PZT
sensor and bonding layer were not ignorable compared with the delaminated area. (2) the

resonant frequency of the PZT sensor shown in Figure 9(a) also fell in this frequency range and
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produced the disturbance to the local defect modes. Although decreasing the size of the PZT
sensor could reduce the frequency shifting of the local defect modes, it may not be an ideal
solution considering associated weak signal amplitudes [21]. Given that the study’s goal is to

detect near-surface delamination in concrete structures, an approximate evaluation can be

accepted.
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Figure 9. Effect of the modulus of elasticity of the bonding layer

In summary, the variation in the bonding layer considerably affected the sensor peak but
only slightly influenced the structural peaks and the fundamental local resonant peak. It is
noteworthy that the modulus of elasticity of the concrete also affected the frequency and
amplitude of the sensor mode PM, but the effect was not as remarkable as that of the bonding

layer.
Effects of slab size and boundary conditions

Figure 10 shows the effects of varying the area and boundary condition of the slab on the
intact and damaged cases. In the intact case (i.e., Case i), the signal spectrum became
increasingly smooth as the slab area increased (Figure 10(a)). Meanwhile, mode SM-L
disappeared, whereas SM-T could still be captured, because the former and latter were sensitive
to the slab area and thickness, respectively. When the boundary conditions changed from free
to fixed, the SM-T frequencies still varied slightly. Similarly, the frequency of the PZT peak
(i.e., PM) varies slightly with different areas and boundary conditions, as the sensor area was

considerably smaller than the slab area. In the damaged case (i.e., Case iv: 0.75b-0.334%), the

20



three labeled peaks exhibited smaller variations as the slab area and boundary conditions
changed compared with those changes in terms of the bonding layer (Figure 10(b)). In general,
the slab sizes and boundary conditions exerted limited effects on the signal spectra, implying

the obtained findings could be directly extended to slabs of larger sizes.
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Figure 10. Effect of the area size and boundary conditions of the concrete slab
Quantitative analyses of local defect modes

Although the first-order local defect mode is insensitive to the bonding layers, the slab size,
and the slab boundary condition, it is still affected by multiple properties of the near-surface
defect, such as delamination size (i.e., length of the horizontal and vertical cracks), shape, and
boundary conditions. Therefore, the evaluation of defect size based on the local defect
resonance frequency is still challenging. Flat-bottomed delamination with no vertical cracks
was often simulated in composite structures [36, 42]. Solodov et al. [29] presented an equation
to calculate the first-order resonant frequency of a rectangular defect with a flat bottom in a
composite structure, in which the boundary conditions were simply assumed to be fixed (i.e.,
no rotation). The equation cannot be directly applied to near-surface concrete defects with
complicated boundary conditions.

Kee and Gucunski [9] categorized the boundary conditions of flat-bottomed square
delaminated plates with width a and thickness / (without vertical cracks) into three types: (a)
fully clamped boundary conditions are suitable for very shallow delamination (a/h > 20); (b)

for delamination with 5 < a/h < 20, the boundary conditions are in between simply supported
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and fully clamped conditions; and (c) the boundary conditions are weaker than simply
supported conditions for a/h < 5. The differences arise from varying edge constraining effects.
The analytical expression for the first-order resonant frequency of the flat-bottomed square

defects, regressed from numerical simulation data by Kee and Gucunski [9], 1s

fmeb2(2) =22 g, 0

a h\a

where & and a are the thickness and fictitious width of the delaminated part, respectively; &
stands for the correction factor for the edge effects, as shown in Equation (2); f1 is the
correction factor for Poisson’s ratio uc, as shown in Equation (3); C, denotes the compressive
wave velocity, as shown in Equation (4).

e = 1.640-0014(a/h) _ 1 g12~0-22(a/h) (2)

/(1 —2u,)
V12(1 = p)?

- j Ee(1— o) W

B = (3)

pc(1+p ) —2uc)

By removing the effect of material properties, the normalized first-order resonant frequency fi-

norm 1S obtained for generalization as follows:

Finorm = ﬁf—lcp 2y )

If the defect is a rectangle, the rectangular shape can be converted to a square shape with

an equivalent edge dimension [9], as shown in Equation (6).

\/iaw a;

Ve +ar ©

where a,, and a; stand for the width and length (a; > aw) of rectangular delamination,

a =

respectively. For a long rectangle (ai/aw > 3), a converges to v2a., indicating that the smaller

width dominates the first-order defect resonant frequency. Considering that actual delaminated

shapes may be unknown, a/v2 can be approximately considered the lower bound of the
delamination dimension, and @’ can be considered the lower bound of the delamination area.

The concrete material properties in Equation (4) may not be available in practice. Then,
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the compressive wave velocity C, can be estimated from

B2
fthickness = ﬁcp (7)

where T'is the slab thickness, and f> is the correction shape factor that depends on the Poisson’s
ratio of the concrete. The values of 0.96 and 0.2 are recommended for £> and u., respectively
[43].

Table 2 compares the normalized first-order local resonant frequencies of a square defect
obtained from the modal analyses of finite element models with the analytical expressions
proposed by Kee and Gucunski [9]. The delaminated layer thickness (4) was from 10 mm to
30 mm, covering the common range of concrete covers. The defect width (a) was from 100
mm to 200 mm, covering the normal steel rebar spacing in concrete structures. The simulated
slab had a size of 1000 x 1000 x 120 mm? with the boundaries clamped to represent a general
situation. Notably, the correction factor in Equation (2) does not consider vertical cracks,
corresponding to the damage case 1.00a-0.00% defined in this study. But in the finite element
models, two damage cases, namely, 1.00a-0.00/ and 1.00a-0.75h, were simulated.

In the damage case 1.004-0.00%, the mean and maximum errors between the simulation
and the prediction of Equation (5) were —6.4% and —15.6%, respectively, indicating a fair
accuracy of Equation (5). Meanwhile, Equation (5) could not accurately predict the damage
case 1.00a-0.75h because the existence of the vertical cracks reduced resonant frequencies
apparently.

Therefore, Equations (8) and (9) are regressed from the simulation results in Table 2 to
estimate the fictitious width of the delamination part in a square shape, in which the units of
defect size and frequency are meter and hertz, respectively. Considering vertical cracks with
1.004 lead to the falling of spalled concrete, the cases with 0.004 and 0.75/ are considered as
the bounds of the vertical crack depths in practice. The estimated width (a) corresponding to
0.00/4 and 0.75h are considered the upper and lower bounds of such width, respectively. If the
delaminated area is a long rectangular shape, @, can be estimated by a/v/2, as suggested by
Equation (6).

Table 2 The normalized first local defect resonance of a square defect
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Defect size fi1-norm Simulation fi1-norm by Equation (5)

a(m)  h(m)  1.00a-0.00h  1.00a-0.75h  1.00a-0.00h  Error (%)

0.100 0.010 1.436 1.188 1.462 1.9
0.125 0.010 1.011 0.790 0.994 -1.7
0.150 0.010 0.719 0.569 0.715 -0.5

0.175 0.010 0.536 0.416 0.536 0.0
0.200 0.010 0.421 0.303 0.416 -1.2
0.100 0.015 2.054 1.602 1.856 -9.6
0.125 0.015 1.376 1.084 1.315 —4.5
0.150 0.015 1.010 0.768 0.975 -3.5
0.175 0.015 0.755 0.556 0.748 -0.9

0.200 0.015 0.585 0.442 0.590 1.0
0.100 0.020 2.486 1.910 2.097 -15.6
0.125 0.020 1.682 1.354 1.531 -9.0
0.150 0.020 1.201 0.992 1.164 -3.1
0.175 0.020 0.973 0.721 0.912 -6.4
0.200 0.020 0.748 0.535 0.731 -2.3
0.100 0.025 2.604 1.978 2.244 -13.8
0.125 0.025 1.917 1.566 1.677 -12.5
0.150 0.025 1.397 1.106 1.300 =7.0
0.175 0.025 1.113 0.780 1.035 =7.0
0.200 0.025 0.930 0.695 0.842 -9.5
0.100 0.030 2.710 2.009 2.332 -13.9
0.125 0.030 1.998 1.639 1.776 -11.1
0.150 0.030 1.616 1.175 1.398 -13.5
0.175 0.030 1.207 0.995 1.128 —6.6
0.200 0.030 1.028 0.739 0.928 -9.7
Mean value -6.4

Standard deviation 53

a = 0.1892 — 0.1298f, _pgrm + 5.873h + 0.03583 f_orm>

— 2.123f _pormh; for the upper bound; R? = 0.98
a = 0.1902 — 0.1515f, gy + 4892/ + 0.04918f, _orm2

— 2.054f;_,ormh; for the lower bound; R? = 0.98

(8)

)

To sum up, the proposed delamination detection method could be implemented as follows:

(a) The PZT sensor was attached to a checkpoint on the target surface by using double-
sided tape.

(b) The EMI signal spectrum was recorded from 1 kHz to 20 kHz, and a moving average

operation with a 500-Hz span might be applied if necessary.
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(c) The signal spectral pattern was assessed to determine whether delamination existed or
not. If only a distinct peak was found in the frequency range of 10-15 kHz, the
checkpoint was considered healthy. If multiple peaks were found in the 1-15 kHz
range and the first peak appeared below 10 kHz, the checkpoint was considered
delaminated.

(d) The delaminated area was estimated by substituting the first resonant frequency into
Equations (6), (8), and (9), if delamination was detected.

(e) The sensor was subsequently detached, and detection was repeated at a new
checkpoint by using the same sensor.

It should be pointed out that the quantification of defect sizes is rather approximate and
only for quick reference. In practice, complex boundary conditions (e.g., numerous closely
distributed delaminated zones) and geometric shapes may present multiple peaks in the target
frequency range and complicate peak identification. Interpreting peaks is an essential and
highly specialized process that requires profound professional knowledge. Emerging tools,
such as machine learning and artificial intelligence methods, may greatly facilitate and improve
the interpretation of multiple peaks in the spectra [44, 45], which will be explored in the future.
In addition, the sensor size and adhesive materials can be further optimized to improve the
capability of peak identification and achieve high sensitivity [13]. To avoid any un-detectable
defects, the distance interval between every two checkpoints is recommended to be no more

than 200 mm.

Laboratory experimental validations

Artificial delamination (i.e., flat delamination cracks parallel to the surface) was
introduced in most previous detection studies. Although this introduction facilitated the
comparison with the analytical and numerical results, it hindered the understanding of the
development process of delamination; additionally, many cracks in concrete slabs are wavy
with variable depths [9]. Therefore, the experimental validations in this section simulated a real

spalling process induced by steel rebar corrosion. The proposed method in the numerical part
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was used to detect the delamination, and the evaluation results were verified by cutting the

tested concrete slab.
Experimental setup and procedure

Figure 11 presents the geometry of the specimen and the details of the steel rebars. The
cast concrete slab had a size of 450 x 350 x 120 mm?, which was identical to those in the
numerical model. The rectangular concrete slab was reinforced by two steel rebars (HRB 400),
which had a diameter of 10 mm and a center-to-center spacing of 100 mm. The length of each
steel rebars was 550 mm to allow for an electrical connection. The actual corroded length was
only 300 mm. The ends of the steel rebars in the slab were coated with epoxy to prevent
corrosion and avoid spalling in large areas as this study mainly focused on the early detection
of small-size spalling. Given the limitation in installation precision, the concrete cover
thickness was equal to 15 and 20 mm, respectively, for the left (labeled as L) and right (labeled

as R) steel rebars.

\——&;+ Coated with epoxy
u—-ﬁ Steel rebars

E 125 3 100 i 125 |
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Figure 11. Geometry of the slab specimen and details of the steel rebars

A batch of concrete specimens was cast for measurement, including four 150-mm cubes
and one slab. The cubes were used to measure the modulus of elasticity and compressive
strength, where the former was measured by the EMI technique [13], and the latter was
obtained through uniaxial compressive testing. The mix proportions and measured material
properties of concrete are summarized in Table 3. To facilitate corrosion, 4% NaCl by weight

of cement was added to the concrete mix. The specimen was demolded after 24 hours and was
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cured in an air-dry condition for 28 days before the corrosion tests.

Table 3 Material proportions of the adopted concrete materials

: . . Density E. fou
T M rt ht )
T x proportion, by weig (kgm’)  (MPa) “  (MPa)
Normal C: W: S: CA: FA: SP?
2 1 20 471
Concrete  =1:0.375:1.659:1.561:0.780: 0.006 368 37100 0.20 47

iC = cement; W = water; S = sand; CA = 20 mm aggregate; FA = 10 mm aggregate; SP =
superplastic

Accelerated corrosion techniques were employed to considerably reduce the duration of
the corrosion period. Figure 12 presents the experimental setup for the accelerated corrosion
tests and damage detection using the EMI technique. The wetting-drying cycle process was
used. Figure 12(a) shows the wetting stage, in which a wet sponge containing a 5% NacCl
solution (serving as the electrolyte) covered the top slab surface with a stainless-steel mesh
(serving as the cathode). Each steel rebar was connected to one DC power source and applied
with constant current. Table 4 presents the corrosion procedure and the duration of each step,
where corrosion duration refers to the duration of the electric current being applied. In the first
60-hour corrosion time, the current intensity was 500 pA/cm?. Then, the current density was
increased to 750 pA/cm? in the rest of the corrosion procedure. Large damage might be
produced because of the absence of a dissipation period for the radial pressure exerted at the
steel/concrete interface [46, 47]. Considering that the goal of this experiment was to validate
the effectiveness of the proposed delamination detection instead of predicting the corrosion
procedure, high current densities are regarded as acceptable.

Figure 12(b) shows the damage detection conducted during the dry stage with no current
being applied, wherein only one sensor was attached to multiple checkpoints on the concrete
slab for measurement. The sensor type and bonding tape were similar to those in Figure 2.
When one measurement was finished, the sensor was detached from the old checkpoint and
attached to a new checkpoint by using the double-sided tape. The PZT sensor was excited with
an AC voltage of 1 V, and the EMI spectra were measured by the LCR device (Keysight

E4980AL) connected to a laptop. The frequency ranges and intervals were from 2—20 kHz and
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25 Hz, respectively. The room temperature and humidity during measurement were around 20
°C and R.H. 60%, respectively.

Figure 12(c) shows the experimental photo and the layout of checkpoints. The checkpoints
were categorized into three groups according to their locations relative to the steel rebars,
namely, between the steel rebars (i.e., Axis C), on the steel rebars (i.e., Axes L and R), and
outside the steel rebars (i.e., Axes LO and RO). The center-to-center distance between the
checkpoints was 50 mm, which made the checkpoints dense enough to examine the slab
carefully. Checkpoint L75 refers to a point located on Axis L and 75 mm away from the bottom
side of the slab.

Table 4 mentions the status “before cutting”, which happened about six months after Step
4. Considering that the six-month period and multiple times of transportation might have
caused new damage, the delamination detection was conducted again as Step 5, aiming to

correlate the final detection results to the cutting results of the slab.

DC
power
DC Wetted Laptop
power ,7 > sponge with
\< D530 NaCl EEEEEEE
e 22 LCR Meter
Dry sponge PZT
Concrete slab sensor
Stainless mesh
Steel rebar
(a) Wetting: accelerated corrosion tests (b) Drying: damage detection
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(c) Experimental photo and checkpoints
Figure 12. Experimental setup for the accelerated corrosion tests and delamination
detection using the EMI technique

Table 4 Corrosion time procedure at the wetting stage

Duration of each step for induced Current density Accumulated corrosion

Step corrosion (hours) (nA/cm?) time (hours)
1 0 0 0
2 60 500 60
3 48 750 108
4 72 750 180
5 Before cutting: the tested slab was placed in a dry condition in the laboratory for

six months

Damage detection

Figure 13 presents the typical signal spectra recorded after 0 and 60 hours of corrosion.
At this stage, no damage was visible on the concrete surface. The signal patterns at different
checkpoints were similar, but the distinct peaks varied from 11.0 kHz to 13.2 kHz because of
different surface unevenness at these points. The peaks of the PZT sensor modes were within
the frequency range mentioned in the numerical part, indicating the rationality of the modulus
of elasticity of the double-sided tape assumed in numerical analyses. Meanwhile, the SM-L and
SM-T modes could be captured. Slight variations in the frequencies of SM-L and SM-T modes

are likely caused by the nonhomogeneous and nonuniform thickness of the concrete slab.
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Figure 13. Signals comparison after 0 and 60 corrosion hours measured at different
locations

Figure 14 presents the visual inspection of the concrete slab over time. No visible cracks
were observed in the first two steps. After a 108-hour corrosion process (i.e., Step 3), two
different damage types were observed on the slab surface (Figure 14(a)). The surface damage
did not expand after the 180-hour corrosion time (i.e., Step 4). Figure 14(b) presents the details
of the damage that occurred after 108-hour corrosion time. An extended surface crack appeared
above the rebar on the right side. In addition, a 130-mm-long and 30-mm-wide approximately
elliptical spalling area occurred at a shallow depth (around 4 mm) between Axes L and R and
between Axes 225 and 375. The spalling of the superficial damage was caused by salt
crystallization, a type of physical damage that occurs frequently during the wetting-drying
cycle [48]. The damage is caused by internal stress arising from the formation of salt crystals
in concrete when the pore solution becomes supersaturated. Given the skin effect of concrete,
the maximum chloride concentration usually occurs in a shallow depth (i.e., ~3 mm) during the
wetting-drying cycle [49]. In this study, a continuous surface crack with a width of ~0.05 mm
was observed at the location of the R-rebar. The following discussions employed the

checkpoints on Axes 175 and 275 for comparison.
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(b) Details of shallow spalling and cracks at 108-hour corrosion time
Figure 14. Visual inspection of the concrete slab over time

Figures 15-18 present the signal spectra of different checkpoints at different corrosion
statuses. The checkpoints are discussed in the sequence from two sides to the center area of the
slab. Figure 15 shows the signal spectra of the checkpoints on Axes LO and RO. At Location
LO175, no LDM peaks were observed in the signal spectra except for the reduction in the
magnitude of the distinct peak (i.e., labeled by the lower triangle symbol) (Figure 15(a)). Peaks
SM-LO referred to a slab mode excited on Axes LO or RO (i.e., for the checkpoint on Axes
RO, SM-LO in the spectra referred to a slab mode excited on Axes RO), slightly different from

the mode SM-L because the global slab vibration modes were more or less related to the
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location of the PZT sensor on the concrete slab [50]. At Location LO275, multiple peaks
appeared at the 108-hour corrosion time, and the first resonance peak was 8.4 kHz (Figure
15(b)). The diamond markers in the figure denote the first three easily identified peaks as
references. The signal pattern at 180 hours was similar to that at 108 hours, but the peaks moved
leftward. For example, the first resonance peak moved leftward to 7.0 kHz. The pattern of the
signal spectrum changed at the status “before cutting” (i.e., Step 5), compared with those at the
108-hour and 180-hour corrosion time. The signal spectrum weakened considerably, indicating
that new damage might have occurred because of slow corrosion in the six-month placement
and the transportation of the slab, as mentioned in Table 4. The first resonance peak moved to
5.4 kHz, and the two other peaks were captured at around 8.0 kHz and 10.0 kHz. At Locations
RO175 and RO275, as shown in Figures 15(c-d), respectively, the signal patterns remained

unchanged, even with the reduced magnitude and slight changes in the sensor and slab mode.
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Figure 15. Signal spectra of the checkpoints on Axes LO and RO at different statuses

32



Figure 16 presents the signal spectra of the checkpoints above the rebars (on Axes L and
R) at different corrosion statuses. At Location L1735, the signal patterns at 108- and 180-hour
corrosion time were consistent with those under the undamaged status (Figure 16(a)). The PZT
senor’s peak was larger than 11.0 kHz. At the status “before cutting”, dual peaks were observed
below 10 kHz. The frequency of the first peak was 9.1 kHz, implying that local damage was
detected. At Location L275, multiple peaks labeled as diamond markers were found at 108
hours (Figure 16(b)). The first peak appeared at 9.3 kHz and moved to 7.3 and 6.9 kHz at two
other statuses. Although a continuous surface crack was observed above the right rebar (Figure
14(b)), it is interesting to observe that the pattern of the signal spectra in Figures 16(c-d) did
not change considerably. Only at the “before cutting” status, the first dominant peak was

moved to 9.6 kHz at Location L.325.
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Figure 16. Signal spectra of the checkpoints above the rebars at different statuses

Figure 17 presents the signal spectra close to Axis C. The sensor was installed 25 mm to

the left of the original Axis C to avoid the uneven surface induced by shallow spalling. The
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signal spectra substantially changed at these two checkpoints, and multiple peaks starting from
3.5 kHz were observed. At Location C175, as shown in Figure 17(a), the first resonance peak
moved rightward from 4.3 kHz to 4.7 kHz as the corrosion time increased, which might be
caused by the complicated changes in the boundaries. However, the first resonance peaks
moved leftward to 4.2 kHz at the “before cutting” status. At Location C275, the signal spectra
also presented multiple peaks moving leftward with the increasing corrosion time (Figure

17(b)). The first resonance peak moved leftward from 4.0 kHz to 3.5 kHz.
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Figure 17. Signal spectra of the checkpoints above Axis-C at different statuses

Figure 18 presents the maps showing the first resonant frequency in the selected frequency
range, where four different colors are used to represent different frequency ranges and may
correspond to different damage statuses. Red refers to the severe damage status, and blue refers
to the healthy status. Yellow and orange denote intermediate statuses. The criterion behind this
classification was as follows: (1) In a healthy status, the distinct peak corresponded to the
sensor mode, which was influenced by the bonding conditions but was always larger than 10
kHz, as shown in Figure 13; and (2) In a damaged status, according to Equation (5), the first-
order defect frequencies with defect sizes 100 x 100 x 15 mm?® and 125 x 125 x 10 mm? are
around 6.8 and 4.8 kHz, respectively, for the given material properties. Therefore, the
frequency thresholds of 4.9, 6.9, and 10 kHz were used for classification, which was rather
subjective and needs to be refined in the future. Although the surface crack was observed above
the right-side steel rebar, the predicted delamination mainly appeared around the steel rebar on

the left. As the corrosion time increased, more resonance peaks lower than the threshold were
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observed on the Axes LO and L, implying that the delamination may have occurred without
visible surface phenomena. Based on the lowest frequency (i.e., 3.4 kHz) of the slab, the
delamination area can be estimated using Equations (6), (8), and (9). The calculated lower and
upper bounds of a were equal to 137 and 158 mm for square delamination with a 15-mm depth,
respectively. For rectangular delamination, the estimated lower and upper bounds of a,, (short

side) were 97 and 112 mm, respectively.

LO L C R RO LO L C R RO LO L C R RO
- 3.4 - The frequency of
first resonance peak
i 8 > e
M 20-49kHz
S 336905 I 5.0~6.9kHz
SR 6 7.0~10.0 kHz
B2 M -100kH,

Bl 5.9

-1125 -50 0 50 1125 -112.5 -50 0 50 1125 -112.5 -50 0 50 112.5

108-hour Corrosion time 180-hour Corrosion time Before cutting

Figure 18. Maps of the first resonant frequencies

Slab cutting results

The concrete slab was cut to verify the evaluation results for the delamination. Figure 19
shows the concrete cutting equipment. The slab was fixed to avoid unwanted movement. The
cutting machine’s blade had a 0.5 m diameter. The cutting machine moved along a sliding track

during its operation. The cutting sections of the slab were along Axes 75, 175, 275, and 375.

| : 2 \ s — Fixtures

Figure 19. Setup for slab cutting
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Figure 20 shows the pictures of the cutting sections and the corresponding drawings of
the crack distributions. As indicated in Figure 20(a), the damage level on the left rebar was
much more severe than on the right, which may be attributed to the thinner concrete cover. This
observation was consistent with the prediction shown in Figure 18 but very different from
surface visual inspection, indicating surface visual inspection could be unreliable. Regarding
the comparison among different sections, Section 75 was healthy and had only two small cracks
around the right rebar, indicating the effectiveness of the protection coating of the steel rebar
in this section. By contrast, the protection at Section 375 failed, but the damage was
successfully detected. Except for Section 75, the three other sections had two major inclined
cracks on the left bar, which were relatively wide. These two cracks developed through mortar
and did not pass through aggregates. The inclined cracks between the Axes LO and L had
different depths at the end. The depth in Sections 375, 275, and 175 were 15, 3, and 2 mm,
respectively. Meanwhile, the inclined cracks between Axes L and C propagated to the near-
surface spalling. The observed damage levels of the four sections in Figure 20 agreed well with
the prediction results of the proposed method in Figure 18.

Figure 20(b) draws the crack distributions to thoroughly understand the corrosion-induced
damage. The value beside the crack in the same color is the maximum width of the crack
measured by the feeler gauge. The cracks were divided into four categories, namely,
delamination cracks in the cover (red), inclined cracks in the cover (blue), internal cracks
(green), and surface cracks (purple). Notably, both the delamination and inclined cracks were
essentially inclined cracks. They are divided by considering their maximum width and length.
The maximum widths of the delamination cracks were at least 0.40 mm, and the lengths of the
delamination cracks were around 100 mm. So, the delamination cracks could be considered
nearly horizontal, causing a delamination layer with a separation plane roughly parallel to the
surface. Whereas the maximum widths of the inclined cracks were no more than 0.2 mm, and
their lengths were smaller than 70 mm. Among the four sections, only Section 275 had the
delamination layer between the Axes LO and L, which is in good agreement with the detection

results in Figure 18. The delamination cracks between Axes L and C propagated to the center
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axis in Sections 175, 275, and 375, which were well detected in Figure 18. The internal cracks
in Figure 20(b) had relatively small widths and were not the focus of this study. Although the
surface cracks could be observed visually, they did not initiate from the steel rebars, or in other
words, they did not penetrate through the entire cover. The surface cracks perpendicular to the
cover were caused by the expansion pressure from non-uniform rust, which induced tensile
stress concentration on the point above the rebar [31]. Aside from the cracks, different
debonding gap (in pink) statuses at the interfaces between the concrete and rebars were shown
at Locations L175, L275, and L275. The underlined numbers in Figure 20(b) presented the
angle extent relative to the center of the rebar. The longest and largest gap occurred at Location
L275, with a 130° relative angle and 0.45 mm width. The damage was also successfully
detected using the proposed method.

The cutting results also provided geometric information on the delamination, allowing a
quantitative comparison between the experimental results and the prediction results. The
average width of the delamination layer, a.,, was equal to 103 mm, close to the estimated results
(i.e., from 97 mm to 112 mm). Given that only four sections were cut, @; could not be accurately
measured.

To sum up, although the actual corrosion-induced delamination was more complicated
than the simulated conditions, it was successfully detected, localized, and quantified by the
proposed method in the presented laboratory experiments. Even invisible damage on the left
side of the concrete slab was successfully detected, showing the effectiveness of the proposed

detection method.
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Figure 20. Pictures of the cutting sections and schematics of the crack distributions

On-site testing validations

Given the successful numerical and experimental validations of the proposed method, on-

site testing was conducted to further examine its applicability outside the laboratory
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environments and validate its real-world effectiveness.
Site and testing information

On-site testing using the movable PZT sensor and the EMI technique was conducted in
an old building in Hong Kong, whose structural details are unavailable. In addition to the
proposed method, the traditional impact-echo method was also applied for comparison. Two
tests were conducted during a half year. Figure 21 presents the measured areas and details of
the testing techniques. The same sensor, bonding tape, device, and data acquisition system as
those in the laboratory experiments were used for the EMI technique (Figure 21(a)). Figure
21(b) illustrates the equipment employed for the impact-echo method, including a compact
data acquisition system (NI-9230) with a maximum sampling rate of 12.8 kS/s, a high-fidelity

triaxial accelerometer (PCB 356b18), and a stainless-steel bar.

Sensor installation Sensor on the slab Data recording

(a) EMI technique
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(b) Impact-echo method
Figure 21. On-site testing procedures and details of the testing techniques
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Suspected delamination area and corresponding signals

After careful examination of two rooms, a suspected delaminated area was confirmed.
Figure 22(a) illustrates the suspected delaminated area and the arrangement of the checkpoints.
After the first test, a fixed PZT patch with a size of 20 x 20 x 1.0 mm? was also employed for
comparison. The PZT patch was bonded to Point B by using quick-hardening epoxy (Devcon
14270). The surface of the concrete slab had a 3-mm thick plaster layer. No visible cracks were
found on the surface. Figure 22(b) shows the EMI spectra recorded at these points, in which
the signal spectra range from 2 kHz to 20 kHz, considering the low sensitivity of the PZT
sensor below 2 kHz, as discussed in the numerical part. The delamination could be easily
identified in the tested area, except for Point D, from the spectral pattern. Compared with Point
D, the magnitude of peaks in other points was relatively lower. Meanwhile, multiple peaks
were captured below 10 kHz, especially at Point C. The frequencies of the first resonance peaks
for Points A, B, C, D, and E are 4.9, 8.5, 3.6, 10.4, and 7.4 kHz, respectively. Under the
assumption that the modulus of elasticity of concrete was equal to 30 GPa, the density and
Poisson’s ratio of concrete equaled 2368 kg/m? and 0.2, respectively. The concrete cover was
assumed to be 20 mm. The upper bound of a for Points A, B, C, and E were 130, 101, 161, and
101 mm, respectively. By assuming a square delaminated area, the average dimension a for the
four points was 123 mm, with a standard deviation of 29 mm. When the lowest frequency at
Point C (i.e., 3.6 kHz) was used, the lower and upper bounds of delaminated dimension a were
136 and 161 mm, respectively.

Figure 23 plots the signal from the impact-echo methods at Points A and C. Given the
maximum sampling rate of 12.8 kS/s, the maximum frequency reached 6.4 kHz after applying
the frequency response function. However, the resonance peaks were difficult to identify even
in the log-scale plot. The peaks at 5.2 and 3.6 kHz were captured by the impact-echo method
at Points A and C, respectively, which were consistent with those captured by the EMI
technique. This consistency confirms the effectiveness of the proposed method. Meanwhile,
the resonance peaks in the signal spectrum of the EMI technique were much easier to identify,

indicating the technique’s high signal-to-noise ratio and application advantages.

41



2.8 . ‘
—Point A
'§ X ——Point B
’5'1) | ——Point C
i = 2.5 —Point D | 1
- - : ~——Point E
Fixed sensor &
)
g 2.2 1
13} :i% ,Q
= /
< —
1.9

2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

(a) Suspected delamination area and

(b) Signal spectra at different points

checkpoints
Figure 22. Suspected delamination area, checkpoints, and the corresponding EMI
signals
10° ' T 10° : : ; ;
Point A Point C 3.6 kHz
5.2 kHz
) l )
= =
= i £
= 107 Ay o = 10°
g i g
< ; <
- (WL
—X-axis
=——y-axis
~———z-axis
1 0-5 . | . . \ \ 1 0-5 ; . . . . .
0o 1 2 3 4 5 6 0o 1 2 3 4 5 6
Frequency (kHz) Frequency (kHz)
(a) Point A (b) Point C

Figure 23. Signal spectra from the impact-echo method

Figure 24 presents the recorded signal spectra at Point B from two types of PZT sensors
in two different tests. The signal spectra obtained at two different dates were generally
consistent. Meanwhile, the first local defect resonance peak moved slightly (Figure 24(a)). In
general, the movable sensor could produce stable and consistent results, as indicated in Figure
24(b). According to the results, movable PZT sensors can be a convenient alternative to

traditional fixed PZT sensors, particularly for short-term inspection of suspected areas.
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Cover opening for verification

After the assessment in the previous section, the tested area was opened by using a driller.
The driller easily removed a layer with around 10 mm thickness. The opened area had about
250 mm length and 230 mm width, containing apparent flat interface caused by delamination,
as shown in Figure 25(a). If the actual delamination depth (i.e., 10 mm) was substituted into
Equations (6) and (8), the upper bound of a for the checkpoints A, B, C, and E were 103, 97,
126, and 90 mm, respectively. The average value of a on the basis of the four checkpoints was
104 mm. The predicted a value was within the opening area, indicating fair consistency. An
80-mm long and 70-mm wide brown area was found on this flat surface. After removing the
concrete in the brown area, a corroded rebar with a 7-mm diameter was found (Figure 25(b)).
Delamination evidence was also found at the boundary of the opening area, as shown in Figure
25(c). Figure 25(d) presents the collected fragments after the opening. The thickness of the
concrete fragments was around 7 mm by deducting the thickness of plaster. The
abovementioned information indicates that the expansion of the steel rebar caused delamination
along a weak interface in the tested area. In summary, the on-site testing results validated the

proposed EMI technique’s effectiveness in detecting the concrete cover’s delamination.
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Conclusions

An improved baseline-free EMI technique using a movable sensor for detecting the
delamination of the concrete cover was proposed, validated numerically and experimentally,
and applied on-site. The following major conclusions were obtained:

1. The spectral patterns and characteristics could be used to quickly determine the concrete
cover’s delamination, confirming the proposed method’s effectiveness in detecting and
localizing delamination damage. In a healthy condition, only a distinct resonance peak
above 10 kHz (corresponding to the sensor mode) could be observed; when the tested area
was delaminated, multiple peaks below 10 kHz (corresponding to local defect resonances)
could be captured.

2. The local defect resonances of the delaminated area were highly related to the defect size

and material properties. The correlations between the first-order frequency of the local
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defect resonance and defect size were established numerically for a quick approximate

assessment.

3. The local defect resonance peaks were insensitive to the sensor’s bonding materials and
the slab’s boundary conditions.

4. The proposed method presented the signal spectra with a high signal-to-noise ratio. Hence,
it can be directly implemented for on-site testing.

While the primary focus of this study is on detecting the delamination of the concrete
cover in RC slabs, the proposed NDT method can be easily extended to long-term monitoring
at crucial locations and to detection of the delamination of other materials and structures,
paving a promising avenue for future research and application. The improvement of this study
lies in choosing more appropriate sensor and bonding materials to ensure the use of higher

frequency signals to detect smaller and deep delamination.
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