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Abstract. Real-time near and far-field monitoring of concrete structural components gives enough
information on the time and condition at which damage occurs, thereby facilitating damage detection while
in the same time evaluate the cause of the damage. This paper experimentally investigates an integrated
monitoring technique for near and far-field damage detection in concrete structures based on simultaneous
use of electromechanical admittance technique in combination with guided wave propagation. The proposed
sensing system does not measure the electromechanical admittance itself but detect time variations in output
voltages of the response signal obtained across the electrodes of piezoelectric transducers bonded on
surfaces of concrete structures. The damage identification is based on the spectral estimation MUSIC
algorithm. Experimental results show the efficiency and performance of the proposed measuring technique.

Keywords: electromechanical admittance; guided waves; concrete beam structures; PZT patches; chirp
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1. Introduction

The structural integrity of the civil infrastructure is very important for the safety, productivity
and quality of life of the society. This integrity is often a concern due to the aging of the
infrastructure, the occurrence of earthquakes, exposure to wind loading and ocean waves, soil
movement, excessive loading and temperature excursions. Thus, there is need for real-time
monitoring damage in a non-destructive way, so that timely repair or retirement of structures takes
place.

Damage sensing (i.e., structural health monitoring) is valuable for concrete structures for the
purpose of hazard mitigation. Health of concrete structures is mainly monitored by recording and
measuring propagation of stress waves through them. The occurrence of damage generates
changes of stress waves which carry important information of the nature and extent of damage.
This allows for a reduction of the cost of maintenance and inspection tasks leading to a more
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economical condition-based maintenance strategy that is capable of prompt condition assessment
of critical civil facilities.

Many traditional global or local experimental structural health monitoring (SHM) and damage
detection methods have been proposed in the past and have been used in a variety of concrete
structures such as C-scan, X-rays, radar techniques, etc (Cruz et al 2010, Fan and Qiao 2011,
Brownjohn et al. 2011). While these techniques provide useful information for the decision makers,
however, they require bulky equipments, they are extremely time-consuming and most of them
request that the vicinity of the damage is known a priori.

One of the promising active sensing approaches which utilizes piezoelectric (PZT) transducers
as actuators/sensors, the electromechanical admittance, or its inverse impedance, the so-called
EMA technique, has received growing attention in recent years for in-situ health monitoring due to
its distinct advantages (Annamdas and Soh 2010, Kumar et al. 2012, Yun et al. 2011). EMA
response is derived from the dynamic interaction between PZT transducers and the host structure.
EMA is typically applied using an electrical impedance analyser which scans a predefined
frequency range in the order of tens to hundreds of kHz. The main advantage of EMA technique is
its capability to detect local (near-field) damages, even in complex structures. However,
unfortunately, taking into account that since steady-state response, which is needed for admittance
measurements, is limited to a small region close to the admittance transducer one may conclude
that EMA can detect damages only locally. In contrast, when guided stress wave (Raghavan and
Cesnik 2007) is propagated along the length of any structural component then the boundary of the
components allow a long range "guidance" achieving far-field monitoring capabilities.

In the present paper, the proposed damage detection technique does not use any measurement
of the electromechanical admittance itself. The conventional admittance sensing technique is
replaced here by acquiring output voltage variations generated across a simple circuit connected to
the PZT transducer. To combine the advantages of EMA and GW techniques an integrated
multi-mode sensing technique is proposed, referred as EMA-GW technique (Providakis et al. 2012)
that detects changes in the admittance spectrum of a PZT transducer in the range of a predefined
frequency band as generated by: a) continuous locally inspected admittance signatures, and b)
simultaneously detected changes in admittance signatures from guided wave disturbances
originated from a second PZT patch which acts as a guided wave transmitter.

The main advantage of the proposed approach is that the combined EMA-GW technique
incorporating synchronous admittance-based and guided wave propagation measurements retains
the benefits of both techniques allowing effective near-field damage detection and in the same time
increased sensing capabilities for wider regions. The combine use of the two techniques has been
also investigated by other researchers over the last decade (Georgiutiu et al. 2004, Wait et al. 2005,
Park et al. 2006, Zagrai et al. 2010, An and Sohn 2011, Park et al. 2012, An et al. 2012, Zhu and
Rizzo 2012, Durager et al. 2012), however, the applicability of those techniques has not yet been
tested or demonstrated in details for concrete structures. For instance, in the monitoring technique
presented in the recent work of Zhu and Rizzo (2012), an integrated experimental monitoring
procedure was demonstrated dealing only with Lamb wave propagation in steel structures.

To detect damage in a concrete structure, it is necessary to develop a damage identification
methodology that can extract the quantitative information of any damage state affecting the
performance of the structure. The damage identification using electromechanical admittance
measurements is a complicated procedure since it is embedded in high-level noise. Therefore, to
have a reliable data analysis tool capable of analyzing damage in concrete structures with low
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signal-to-noise ratio, a high-resolution spectral estimation through the multiple signal
classification (MUSIC) algorithm (Jiang and Adeli 2007) is implemented.

Experimental implementations of the proposed integrated measuring system prove that the
present system is effective and reliable to detect near and far-field damage conditions of concrete
structural components.

2. The concept of integrated electromechanical EMA-GW monitoring approach

For the proposed integrated EMA-GW approach, the simultaneous activation of
electromechanical admittance measurements and guided wave excitation is needed. In its current
prototype version, the proposed integrated system includes at least two PZT transducers. Certainly,
for real-life concrete structures applications the proposed system should be extended to an array of
PZT transducers. The main idea of the proposed monitoring approach is based on the fact that the
same type of PZT transducers could be used as admittance and guided wave actuators/sensors.
Thus, activating one PZT (denoted as PZT2 in Fig. 1) transducer, electromechanical admittance
changes are acquiring at its electrodes to detect near-field damage. The same PZT could sense any
far-field changes that may occur, taking into account guided wave disturbances as excited from the
other PZT (PZT1) transducer shown in Fig. 1. PZT1 is used as a guided wave generator by
applying waves of voltages at its electrodes, as depicted in the detail of Fig. 1.

The guided wave generated by PZT1 transducer propagates along the concrete structure in a
path reaching the damaged area, where a part of the wave would reflect due to damage and another
part continues propagating beyond the damage. Subsequently, this guided wave will reach PZT2
admittance sensor, leading to disturbances of acquired admittance signatures.

1< 1vin(ot +9)
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Fig. 1 An overall schematic of the proposed integrated EMA-GW monitoring approach

3. Custom-made sensing system based in integrated EMA-GW technique

A typical circuit that can measure the unknown admittance (or its inverse impedance) across
PZT’s electrodes uses the I-V methodology [Agilent application note (2000)] where acquisition of
voltage and current passing through the PZT is required. The simple circuit shown in Fig. 2 uses a
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low value reference resistor (say 378(Q) which is connected in series with the PZT (denoted as
PZT2) transducer. To excite the PZT, a National Instruments USB-6251 high-speed M series
multifunction data acquisition (DAQ) module is utilized and optimized for accuracy at fast
sampling. The excitation voltage Vin is of sinusoid-type having an amplitude of |Vin | and a
frequency sweeping from Fgg t0 Feng (Say 1 kHz to 600 kHz). A two-channel Agilent 2000X
oscilloscope was used to record simultaneously the time history of voltage Vi,(t) at one of the
output channels of the USB-6251 card and the time history of voltage drop V,u(t) on the calibrated
resistor Ref. The current I(t) flowing through the PZT also flows through the resistor Res.

oh NI USB
6251

[ &

AGILENT
2000X

P72

Vin

t +

V.
out Ref

| =5y

Fig. 2 Simple circuit for electromechanical admittance measurements

If we excite the PZT by a sinusoidal wave the current flow across PZT electrodes is calculated
by using the output voltage V. measurement across the reference resistor R In frequency
domain the current I(w) can be calculated as I(0)=Vu(®)/Rer. Hence, the PZT admittance Y in
frequency domain is calculated using an expression of the type

Y(w) = () _ Vout *( 1 ) (1)

V(@) Vin(@)Vour(@)  \Res

Solving Eq. (1) for the output voltage across the resistor Vo (») we obtain

Y( )*Re
Vout (@) = ol 5V () )

(1+Y(@)*Rey)

Taking into account Eq. (2), one can observe that the output voltage across the resistor in
frequency domain is directly related to the electromechanical admittance. Thus, in the subsequent
analysis we employ the output voltage V. across the resistor instead of electromechanical
admittance itself. To integrate the simple circuit of Fig. 2 to include guided wave capabilities and
develop a near and far-field sensing circuit combining electromechanical admittance (EMA) and
Guided Wave (GW) methodologies, denoted as EMA-GW, we designed the compact measuring
system shown in Fig. 3.
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Fig. 3 Proof-of-concept demonstration of integrated measuring system

To achieve a wide band excitation signal sweeping, a digitally synthesized linear chirp signal is
generated (Fsun=1 kHz, Fnq=600 kHz) by using Labview Signal Express program (Labview 2012)
and then transmitted to the admittance measuring circuit by the output channel of USB-6251 card.
To create the propagating guided wave, a similar to the first one PZT patch, denoted as PZT1, is
also surface bonded on the concrete beam specimen in a distance of 200 mm from the first one.
This PZT patch serves as a guided wave actuator by connecting its electrodes to one of the rest
output channels of USB-6251 multifunction card. The USB-6251 guided wave output signal was
pre-amplified by 20 times using a piezo-driver. A 59 kHz sequence of square guided wave signals,
sampled at 1IMHz was selected to drive the PZT actuator. The whole experimental arrangement is
presented in Fig. 4.

NI USB-6251

PC with Labview

Agilent

Fig. 4 Experimental arrangement
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Fig. 5 Concrete beam specimen with surface mounted PZT-based measuring system

4. Experimental setup and loading procedure

Experiments are conducted by surface mounting two PZT patches of type PIC255 (Pi Ceramic
2014) and with a size of 10 X 10 X 2 mm?® at the desired locations of a 150X150X750 mm?®
concrete beam specimen in a setup shown in Fig. 5. The concrete beam specimen is made by a
mixing proportion of 1:0.62:2.25:3.83 (Cement: Water: Fine Aggregate: Coarse Aggregate, ratio
by mean of cement). In order to protect the electric pole surfaces of PZT transducers from being
eroded it is covered with a waterproof tape substance.

The investigated concrete beam specimen was gradually damaged under a 3-point bending test.
During the loading procedure, the integrated EMA-GW damage monitoring approach was
performed to evaluate the damage status of the concrete beam to detect the existence of cracks. In
this experimental program the cracks were caused by 5 loading levels:

Level 1 : Loading equals to 10 kN
Level 2 : Loading equals to 20 kN
Level 3 : Loading equals to 60 kN
Level 4 : Loading equals to 66 kN
Level 5 : Loading equals to 68 kN (Failure)

Beam specimen was first evaluated by using the proposed integrated EMA-GW approach at
level 1 to establish a baseline. Next, the beam was loaded in a load control mode, up to failure.
During the load control process, the load was increased to examine the severity of damage up to
the desired level and then reduced to zero and held there constant for a short time interval for data
acquisition.
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5. MUSIC algorithm applied to identify damage feature

MUSIC algorithm is known as a high-resolution spectrum approach which can detect
frequencies with low signal-to-noise ratio assuming that any discrete time signal x(n) can be
described by a sum of m complex sinusoid in noise e(n) (Jiang and Adeli 2007). Assuming

x[n] =Y™, Be /2" +e[n], n=0,12,..N—1 (3
where
B, = |Bj|e® (4)

where N, B;, and f; are the numbers of sample data, the complex amplitude and its frequency,
respectively, and e[n] is a sequence of white noise with zero mean and a variance . This method
uses the eigenvector decomposition of x[n] to obtain two orthogonal subspaces. The
autocorrelation matrix R of the noisy signal x[n] is the sum of the autocorrelation matrices of the
pure signal Rs and the noisy Rn as follows

R=R;+R, = f:llBilze(fi)eH(fi) + 0-7%1 (5)
where P is the number of frequencies, the exponent H denotes Hermittian transpose, | is the
identity matrix and e (f;) is the signal vector given by

el(f) =[1e /2, . . e J2tfilN-1)] (6)

From the orthogonality condition of both subspaces, the MUSIC pseudospectrum Q of the
current space vector is given by
_r
le(F)HVimaa|®
where V.1 is the noise eigenvector. This equation exhibits the peaks that are exactly at frequency

of principal sinusoidal component, where e(f)"V,.1=0. In the present paper, the MUSIC algorithm
is applied in the special case of m=P+1, i.e., only the lower eigenvalue is associated to noise.

QMUSIE(f) = (7)

6. Damage identification and experimental verification

To experimentally validate the proposed multi-mode integrated monitoring technique we
monitor the concrete beam specimen shown in Fig. 5. The proposed damage detection approach
consists of two basic steps: a) MUSIC pseudospectra of the response voltage V. will be acquired
for one of the PZT patches (say PZT2) by using the custom made admittance measuring circuit
activated by the linear chirp described in Eg. 8(b) in the same time, the other PZT patch (say PZT1)
is excited by the National Instrument USB-6251 unit running under NI Labview Signal Express in
such a way that in one of its output ports generates a 59kHz sequence of 10Vpeak-to-peak square
guided waves

F t+(Feng—F ext
Vin = Sin(Z % T * start*t+(Fend itart)* * ) (8)
samples*(F_S)

The MUSIC algorithm of MATLAB Signal Processing Toolbox (MATLAB (20012)) is
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employed to compute the V,; pseudospectra values of the highest peak amplitudes, denoted as Al
and A2, in the preselected frequency band of 10 kHz to 600 kHz. In Providakis et al. (2013), after
employing detailed numerical dynamic analyses of free-free PZTs of type PIC 255, we concluded
that those Al and A2 highest amplitudes are located at the resonance frequencies of free-free PZTs
around 150 kHz and 350 kHz, respectively, and have superior effect on the dynamic behavior of
concrete-PZTs dynamic system. This behavior helped us to assume that two real sinusoidal
components are present in the signal subspace according to MUSIC algorithm. In this case, the
dimension of the signal subspace in the MUSIC algorithm of MATLAB Signal Processing Toolbox
is four because each real sinusoid is the sum of two complex exponents. We also set the value of
the length of each of the time-based segments into which the input signal V, is divided to double
the number of dimension of the signal subspace. As soon as MUSIC pseudospectra of V, are
obtained for the pre-selected frequency bands where there exist the greater energy concentration, a
damage identification index value (DIIV) is obtained as the ratio of the pseudospectra amplitude
peaks (A1) and (A2) over the main amplitude peak (A1) in the analysis frequency band

DIIV=20*l0g,,(A2/Al) 9)

Cracks or damage, inside the concrete beam specimen, act as stress relief in the wave
propagation path. The amplitude of the wave and the transmission energy will decrease due to the
existence of cracks. The drop in value of the transmission energy is correlated with the degree of
the damage inside. The concrete beam specimen which is tested in the present paper was observed
to have a shear failure starting from the middle top of the specimen, as shown in Fig. 6 and
propagating diagonally up to the right support of the beam specimen. The location of admittance
sensor PZT2 is selected to be in a distance of about 300 mm which is far enough from the crack
affected area in order to evaluate the sensitivity of PZT2. In contrast, the guided wave actuator
PZT1 is instrumented very close to the right support, a location very critical from the point of view
of shear cracks. The concrete beam specimen is continuously monitored and observable shear
cracks could only be detected at loading Level 2 when a diagonally extended shear crack of 0.1
mm in width is visible.

Fig. 6 Severe shear crack observed on concrete beam specimen at Level 4 (66 kN)
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Fig. 7 (a) MUSIC pseudospectra for the various loading levels without guided waves and (b) Detail for
A1MUSIC pseudospectra amplitude for the various loading levels without guided waves

Raw MUSIC pseudospectra signatures of the output voltage generated at the PZT2 surface for
the Level 1 (10 kN) to Level 5 (Failure) loading condition when the guided wave generation from
PZT1 is active, are depicted in Figs. 7(a) to 7(c). From Level 1 to Level 2, only minor deviations
could be noticed in the raw MUSIC signatures, both in amplitude Al and amplitude A2. A
prominent change is presented from Level 3 onwards. However, taking into account that a visible
crack of 0.5 mm in width starts already to be observable at previous Level 2, this result prove that
the effect of shear damage at the PZT2 output voltage pseudospetrum is not so clearly visible
when there is no any guided wave activated from PZT1. This means that the area where the cracks
are propagated is located away from the sensing area of PZT2 degrading the capability of EMA
measurement in the detection of damage.
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Fig. 9 DIl value metric as a function of applied loading levels

Figs. 8(a) to 8(c) show the raw MUSIC pseudospectra signatures of PZT2 patch when the
guided wave actuator PZT1 is activated. Taking into account these figures, it is very interesting to
show that comparing Level 1 and Level 2 raw signatures, one can observe that the differences in
pseudospectrums are more pronounced than those be observed in Figs. 7(a) to 7(c) where the
actuator PZT1 was not activated for the same loading levels. A clearly visible shift both in
amplitude and frequency is presented at Level 2. This observation is consistent with the fact that
the visible crack starts from Level 2 onwards. This means that the introduction of guided wave
(EMA+GW) enhance the sensing capabilities of EMA technique.

Fig. 9 compares the computed damage identification index (DII) values at the various loading
levels as obtained for both two monitoring cases: a) the conventional technique based on the
acquisition of electromechanical admittance (EMA) signatures (or the relative output voltage), and
b) the integrated methodology of electromechanical admittance combined with guided wave
technique (EMA+GW). By inspecting Fig. 9, a prominent shift of DIl value is noticed between
level 1 and level 2 loading condition for EMA+GW technique provided damage warning earlier
than that resulted from EMA technique itself.

7. Conclusions

In this paper, a new integrated methodology of monitoring and identifying damage in concrete
structures is presented. The proposed methodology is based on the electromechanical admittance
sensing technique using the output voltage signatures produced across a PZT transducer which is
surface bonded on the concrete specimen instead of acquiring the admittance itself. The output
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voltage is acquired across a custom-made circuit which greatly simplifies the procedure. This
output voltage is appropriately affected by guided wave driven from another PZT transducer which
acts as wave actuator. The proposed integrated methodology is effectively applied to detect
damage by monitoring changes on the extracted values of a damage metric based on the ratio
between amplitudes occurring at peak locations of MUSIC algorithm pseudospectra signatures.

The results demonstrated that the simultaneous consideration of the advantages of the
aforementioned damage identification techniques, in a unified but yet effective manner combines
the benefits of simultaneous near- and far-field damage detection. Therefore, the propose
technique can be regarding as a simple and practical SHM technique which will help to evaluate
the condition of a concrete structure, in order to detect damages early and to make the
corresponding maintenance decision for preventing the failure of concrete structures avoiding
human and economic loss. Of course, further study should be underway to provide general
guidelines and optimize the proposed technique.
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