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Abstract. Traditional structural dynamic analysis and Structural Health Monitoring (SHM) of large scale concrete civil
structures rely on manufactured embedding transducers to obtain structural dynamic properties. However, the embedding of
manufactured transducers is very expensive and low efficiency for signal acquisition. In dynamic structural analysis and SHM
areas, piezoelectric transducers are more and more popular due to the advantages like quick response, low cost and adaptability
to different sizes. In this paper, the applicable feasibility assessment of the designed “‘artificial” piezoelectric transducers called
Concrete Piezoelectric Smart Module (CPSM) in dynamic structural analysis is performed via three major experiments.
Experimental Modal Analysis (EMA) based on Ibrahim Time Domain (ITD) Method is applied to experimentally extract modal
parameters. Numerical modal analysis by finite element method (FEM) modeling is also performed for comparison. First ten
order modal parameters are identified by EMA using CPSMs, PCBs and FEM modeling. Comparisons are made between
CPSMs and PCBs, between FEM and CPSMs extracted modal parameters. Results show that Power Spectral Density by
CPSMs and PCBs are similar, CPSMs acquired signal amplitudes can be used to predict concrete compressive strength. Modal
parameter (natural frequencies) identified from CPSMs acquired signal and PCBs acquired signal are different in a very small
range (~3%), and extracted natural frequencies from CPSMs acquired signal and FEM results are in an allowable small range
(~5%) as well. Therefore, CPSMs are applicable for signal acquisition of dynamic responses and can be used in dynamic modal
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analysis, structural health monitoring and related areas.
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1. Introduction

Civil infrastructures (e.g., bridges, buildings) and large
scale concrete hydraulic structures (e.g., dams, sluices) have
benefits for the nearby communities, the economy as well
as the social utilities. Safety and reliability maintaining of
the structures for daily usage is significantly important not
only for well beings of communities but for the economic
benefits (Chang et al. 2003). It is necessary to monitor the
status of the structures during their operation to guarantee
the safety conditions (Su et al. 2015, 2016). SHM includes
the monitoring of dynamic response measurements from
arrays of sensors and transducers distribute all over the
structures. Therefore, the quality, sensitivity and accuracy
of sensors and transducers have significant effects on
monitoring structure operation conditions. Typically, in dam
safety monitoring area, sensors like reinforcement meters,
osmometers, and joint meters are set up discretely in dam
structures, however, these sensors are very expensive and
easily broken during the operation. Recently, optical fiber
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and piezoelectric transducers are more widely used sensors
or transducers (e.g., Tennyson et al. 2001, Guo et al. 2011,
Leung et al. 2015, Roy et al. 2015, Xu et al. 2015).
However, optical fiber sensors and piezoelectric sensors
used are often sticked to the target structures to collect the
signals of the structures under certain vibrations. The
sensors used for signal acquisition have three different
goals: dynamic modal analysis, electromechanical E/M
impedance and wave propagation (Giurgiutiu 2007). The
obtained signals are used for dynamic modal parameters
extraction and damage detection. Even though the accuracy
increases with the using of optical fiber and piezoelectric
sensors, the setup and cost should also be taken into
consideration. In order to solve this problem, some
“artificial” sensors called “smart aggregate” are developed
for structural monitoring (Gu et al. 2006, Song et al. 2007).

The developed “smart aggregates” consist of
piezoelectric ceramic patches embedded into concrete with
water-proof coating in between, which are used for signal
emission and acquisition. The ceramic patches are much
cheaper than the manufactures of piezoelectric sensors or
transducers but serve as the same function for signal
acquisition. One drawback is there will be more noise in the
acquired signals.

Sensors and transducers can be used in many Civil
Engineering areas, such as damage detection of structures
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and structural health monitoring. Most of the usages are
based on the frequency properties from acquired signals.
Based on the acquired signals, some researchers studied the
direct changes of structural stiffness due to damage based
on Adaptive Least Mean Square filtering theory (Chase et
al. 2004). Impedance-based health monitoring techniques
were applied for damage detections based on the acquisition
signals from piezoelectric transducers and sensors (Bahei-
El-Din et al. 2003; Park et al. 2000). Gu et al. (2006)
designed piezoelectric-based concrete smart aggregates for
concrete strength monitoring based on the signal amplitude
changes along the concrete early ages and also extend its
application on SHM (Song et al. 2007). Some researchers
studied the development of intelligent being monitored
structures (Aktan et al. 1997). Dynamic modal analysis
(MA) was also applied for damage detections since the
magnitude of change in natural frequencies is a function of
severity and location of deterioration in structures. Modal
analysis method was demonstrated to be effective for
skeletal structures (Hearn et al. 1991, Clayton et al. 2006,
Gentile et al. 2015, Prashant et al. 2015). Modal parameter
(modal frequencies, mode shapes, damping ratio) changes
based damage detection and structural health monitoring
can be a good approach (Chang and Kim 2016). All the
presented usages are based on the acquired signals from
being detected structures.

Modal parameters will change if there are damages
occur in the structures. EMA relies on sensors/transducers
to acquire/excite signals from/to the target structures. Thus,
the accuracy of modal parameters acquisition can be used to
assess the characteristics of transducers and sensors. The
following work will focus on (1) frequency comparison
between CPSMs acquired and excited signal, (2)
Compressive strength prediction of concrete by using
CPSMs and (3) the modal parameters extraction through
CPSMs acquired signal. CPSMs, which are similar to the
designed “smart aggregates” by Song et al. (2011), are built
with piezoceramic patches embedded in concrete, and RTV
silicone as coating as water proof in-between. The concrete
mix for constructing CPSMs are similar to the being
monitored structures to guarantee homogeneity of the whole
system. In the paper, a concrete gravity dam model is
poured with three couples of CPSMs being embedded as
transducers and sensors (i.e., 6 CPSMs) which being set up
at dam toe, heel and crest. Additionally, 6 PCB sensors are
set up by gluing on the dam model surface for comparison.
For better processing the experiment and avoiding signal
refraction and dissipation at the interface between CPSMs
and dam section, concrete mixture for CPSMs and dam
model are controlled by the similar water-cement-sand
ratios under the same temperature. CPSMs are poured first
and then embedded in the dam model. The CPSMs-dam
model system will be sticked to a shaking table for
excitation with white noise. CPSMs and PCB signals will
be acquired for modal parameters extraction. For
experimental modal analyses, time-domain methods Natural
Excitation Technique (NEXT) and the Ibrahim Time
Domain Technique (ITD) methods are used to obtain modal
parameters. For numerical modal analysis, finite element
method (FEM) modeling is performed by using ANSYS

14.5. During this procedure, modal parameters extracted
through signals acquired from CPSMs and PCBs are
analyzed and compared, and the results obtained from FEM
and CPSMs are also compared for assessment.

In the paper, signal frequency properties are compared
between CPSMs acquired signal and PCB accelerometer
signal; concrete compressive strength is indirectly predicted
by using CPSMs; the first ten order modal parameters are
extracted by experimental analysis. The results show that,
PSD of chirp signal and CPSMs acquired signal have
similar distributions; a fitting function is made related to
CPSMs acquired signal amplitudes and compressive
strengths during concrete hydration; and, for experimental
modal analysis methods, the modal parameters differences
(e.g., natural frequency) between signals acquiring form
CPSMs and PCB are very small (~3%); the difference
between numerical extracted modal parameters and CPSMs
extracted modal parameters are also very small (~5%). The
small differences obtaining between two different sensors
(i.e., CPSMs and PCBs), between FEM and CPSMs, show
that CPSMs can be used as sensors for signal acquisition.
As an extension, the CPSMs can thus be used for damage
detection and structural health monitoring in Civil
Engineering.

2. Overview of concrete piezoelectric smart model

CPSMs are the man-made transducer/sensor for the
applications on target monitoring structures (see Fig. 1). It
is more convenient to set up not only inside the target
structures but on the surface. However, PCB transducers
can only be set up on the target monitoring structure surface
and they are also very expensive. The advantages of CPSMs
over PCBs are obvious especially for large scales concrete
structure, like dams, bridges and sluices. CPSMs can be
built up and embedded in the structures to construct
structural health monitoring and damage detection system
with much lower expenses. The paper (1) does frequency
comparisons between CPSMs acquired and PCB
accelerometer acquired signal; (2) uses CPSM to get the
signal attenuation function for different frequencies; (3)
uses CPSM to estimate the concrete strength along with
hydration and (4) analyzes the availability of CPSMs for
damage detection and structural health monitoring through
modal analysis and uses the modal parameters to evaluate
the feasibility of CPSMs in the SHM, damage detection and
MA areas.

CPSM

Piezoceramic patch

Fig. 1 Diagram of concrete smart piezoelectric model
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10mm

Fig. 2 PZT and coated Silicon

Fig. 3 PVC pile made CPSM molds

Fig. 5 CPSM ready for application

The embedded Piezoelectric Ceramic (PZT) in the
CPSM is selected as MODEL PIC151 made by PCB Inc.
Small patches (10 mm x 10 mm X 1 mm) are cut to meet
the requirement of CPSM (Fig. 2). Ethanol is employed to
remove the Oxide film before being embedded into the
concrete to guarantee the good electric charge transmission

(Su et al. 2016). Afterwards, two cables are welded on two
surfaces, the joints should be smaller enough to ensure thin
waterproof layers. RTC silicone, which has a favorable
hardness and damping, is then coated on the surface of the
PZT as the waterproof. The molds for pouring concrete are
using PVC pipe (see Fig. 3) with an inner diameter
of & = 25 mm. Additionally, composite is coated on the
surfaces for further protection. Concrete will shrink during
hydration, stress concentration will thus appear due to the
shrinkage stress. The built CPSMs are shown in Fig. 4 as
follow. The CPSM ready for application are shown in Fig.
5.

The outer concrete is only for protecting embedded PZT
with no carrying pressures applied to the being monitored
outside structures. Reinforcements are thus not used during
the making of CPSMs. Cement, fine sands and water are
only used with a weight ratio of 2.9:2.09:1. Fine materials
will reduce the inhomogeneous characteristics of the sample
and their stress concentration influences on PZT. The made
CPSMs can serve as sensor as well as transducer in Civil
Engineering area. The assessment of the built CPSMs on
Civil Engineering are presented in the paper as follows.

3. Assessment of CPSM
applications

in civil engineering

Several tests are applied based on CPSM to assess the
feasibility and application on the Civil Engineering areas.
First, CPSM is used to acquire the signals propagating
through concrete generated from wave generator with
certain frequency and compare the frequencies of to the
original excited signal. Second, large concrete block is
poured to qualitatively assess the concrete strength
development in the process of hydration. Third, modal
analyses result comparison between signals acquired by
CPSM and manufactured PCB sensors, between CPSMs
and FEM modeling are performed. Meanwhile, the concrete
attenuation function is obtained according to the attenuation
of signal amplitudes. The being analyzed signal is acquired
by digital Signal Processing and Control Engineering
(dSPACE) system which is a based on MATLAB/Simulink
to achieve Real-Time Interface.

3.1 Frequency comparison

The part is based on the frequency comparisons between
signal acquired by CPSMs and signal generated by wave
generator. Even though the strength of the signal acquired
from CPSMs will decrease during the propagation through
concrete, the frequency properties of the signal will remain
the same. CPSMs are set up in the concrete blocks shown in
Fig. 6 below.

In the experiment, two CPSMs are embedded in the
concrete block aligning in same line with certain distance
(no matter what the distance it is, just assess the frequency).
One side (top) is connected to Wave Generator for signal
emitting and the other side (bottom) is connected to
dSPACE system for signal acquisition. The emitting signal
from Wave Generator is the linear Chirp Signal. Linear
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chirp signal sweeps the frequencies from low to high
linearly. The sweep frequency in the test is from 10 Hz to
4000 Hz with cyclic duration of 5 seconds. According to
Nyquist’s theorem, there is no information loss if the
sampling frequency is twice of the highest frequency
component (Quinquis 2010). The sampling frequency is
selected as 40000Hz (ten times of highest frequency) in
order not to lose any information. Fig. 7 shows the very
initial 0.2 seconds of the total signal.

The basic logic of the comparison is using Fast Fourier
Transform (FFT) to extract the frequency characteristics of
chirp signal and CPSM acquired signal and to obtain their
power spectral densities (PSD). A random signal usually has
finite power that can be characterized by an average power
spectral density which is considered as power spectral
density (Stoica and Moses 2005). The PSD curves represent
the continuous probability density function of the responses.
The comparisons of PSDs will be made for both excited and
acquired signals and whereby to assess the feasibility of
CPSMs in the applications for Civil Engineering. FFT
converts the signal from time domain to frequency domain
(Brigham 1974). FFT is a tool to perform signal analysis
such as PSD and filter simulations. The PSD of the excited
Chirp Signal are shown in Fig. 8.

A one-side Power Spectral Density contains the total
power of the signal in the frequency interval from DC to
half of the Nyquist rate. However, double sides PSD
contains all the power of the signal in the frequency interval
from DC to the Nyquist rate.

Cable CPSM-2 connected to Wave Generator
for excitation
Concrete block
Cable CPSM-1 connected to dSPACE for signal

acquisition

Fig. 6 Diagram of concrete block and embedded CPSMs
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Fig. 7 Excited chirp signal of CPSM-1
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Fig. 8 PSD of wave generator excited chirp signal

The magnitude of emission signal is 1, however, the
value decreases to 0.06 when acquiring it due to the
damping during propagation (See Fig. 9) between the
transmitted distance between two CPSMs (PZT patches)
and piezoelectric effects of the selected PZT patches.

Noise inside CPSM acquired signal is filtered by low-
pass filter with Kaiser Window. The cutoff frequency is set
up as the maximum signal frequency as 4000 Hz. The
original and filtered signal in the very beginning 0.5s is
shown in Fig. 10.

Magnitude

Time(s)

Fig. 9 CPSM acquired chirp signal
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Fig. 10 Filtered CPSM signal
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Fig. 11 PSD of CPSM acquired chirp signal

Through the comparison of Figs. 8 and 11, the PSD
ranging from O Hz to 20000 Hz have the similar
distributions even the magnitudes between them are not
exactly the same. The frequencies with higher power
spectral densities for both chirp signal and CPSM acquired
signal are in the same range. Different from the PSD of
chirp signal, the peak PSD values for CPSM acquired signal
are smaller. The reason may be explained by considering

that the noise is also acquired by CPSM. The dash ellipses
in Fig. 11 mark the noise that have not been fully filtered
when remain the CPSM acquired chirp signal. The noise
might make the PSD magnitude for CPSM acquired signal a
little smaller. Noises disperse the PSD and make the PSD
values smaller corresponding to the original excited signal.
Additionally, signal attenuates in the propagation from one
CPSM to the other. Coated silicon and the interface between
concrete and PZT patches, interface between CPSM and
concrete block can attenuate the acquired signal as well.

3.2 Attenuation function

The two CPSMs embedded in the concrete block are
fixed during signal exciting and acquisition. The
frequencies sweep from 10Hz to 1000Hz. Signal will
attenuate due to the distances of signal propagating. And the
higher the frequency, the more loss the amplitude during
propagation. Typically, in a certain range, the lower the
frequency, the higher the attenuation will be. The
attenuation curve for the studied CPSM is in shown in Fig.
12. The attenuation curve can also be shown as magnitude
versus frequencies since the chirp signal is linearly swept,
See Fig. 12.

The excited signal has a magnitude of 1 while the
acquired signal has a magnitude of 0.06 which is set as the
initial value for evaluation of attenuation along with
frequencies. The magnitude when the excited frequency
equals to 10 Hz is 0.0012.
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Fig. 13 Amplitude based attenuation function along with
different sweeping frequencies

The amplitude attenuation function along with sweeping
frequencies is fitted to be the addition of two exponential
functions as Eq. (1).

A(f) = 0.1165e 7000027/ — 0.1162¢ 00014/ 1)

where A is amplitude which is assumed to be a function of
frequency, f is sweep frequency. Exponential fitting can
suitably fit the dispersed amplitude data. 0.0065 and -
0.1162 are considered the un-attenuated amplitude of the
signal at certain location. -0.00027 and -0.0014 are
attenuation coefficients along with different sweep
frequencies. The units of attenuation coefficients are
nepers/Hz if the built CPSMs are regulated.

3.3 Concrete strength estimation during hydration

Hydration heat of large-scale concrete will influence the
concrete strength due to the thermal expansion and
contraction. The excited CPSM emits compression waves
and the acquired CPSM acquires the compression wave as
digital signal. Compression waves transmitted in the media
will attenuate as the distance increases as mentioned above.
The compression wave is assumed to be one-dimensionally
transmitted in the media (See Fig. 14). The wave
propagation equation is shown in Eq. (2).
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A% 4+ a0l 0 2
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where o is axial stress, u is axial displacement, A is the unit

. . . do . .
section area, p is concrete density, Aa—z is the unite stress
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2
> is inertial force.
ot

difference, Ap

dz

Fig. 14 Force condition of one-dimensional structure

Concrete hydration at very early stage has a strong
viscoelasticity. The concrete strength at beginning are very
small, however, compressive strength at 7 days is
approximately 75% of the strength at 28 days (Haranki
2009). Concrete after approximately 7 days can be assumed
as elasticity (Bernard et al. 2003). Regardless the influence
of strain rate, E is Young’s Modulus of concrete, € is axial
strain. The relationship between stress and strain is shown
in Eq. (3)

o=Ee=-E Z—sz ©)
substituting Eq. (3) to (2)
o’u 1 ¢ , E
— == C.=— 4
622 Cs atz ( b p) ( )

The power of simple harmonic wave in a certain
duration can be denoted in Eq. (5) as follow

_EM 2w’ _JEpM 2w’
2¢c, 2

p ®)
where p is the power of harmonic wave, M is the amplitude
of the harmonic wave, w is angular frequency. Harmonic
wave amplitude can be denoted as Eq. (6).

1
L
Bfzf
o)\ Ep

Eg. (6) shows that wave amplitude M is a function of
angular frequency w, power of wave p, medium density p
and Young’s modulus E. Therefore, when w, p and p are
kept constant, wave amplitude M is exponentially correlated
to Young’s modulus of the medium (Achenbach 2012).
Young’s modulus of concrete has been reported to have a
strong relationship with compressive strength by a lot of
researcher or institutes (e.g., Architectural Institute of Japan
1985, Tomosawa and Noguchi 1993, Eurocode 2 2004,
Noguchi et al. 2009). The trend or pattern of concrete
strength during hydration can thus be estimated by
monitoring the amplitudes of harmonic wave.

A series of tests are designed based on the theory. The
same as frequency comparison, wave generator is also
employed to generate the signals to excite one CPSM to
emit compression waves into the concrete, Oscilloscope is
connected to the other CPSM to monitor acquired waves
(signals) and record the corresponding signal amplitudes.

The system diagram is shown in Fig. 15. Acquired
signal amplitudes are monitored and recorded for 12
different time spots during concrete hydration period.
Meanwhile, Compressive Strength of Cement Concrete
Cubes tests are also designed to obtain the compressive
strength at the corresponding time spots. Thus, acquired
signal amplitudes and corresponding concrete compressive
strengths, at different times, are recorded for further
numerical analysis.

Compressive strength, tensile strength and shear
strength are three different characterizations of concrete
strength. During operation, plain concrete mainly withstand



Application assessments of concrete piezoelectric smart module in civil engineering 505

compression and shearing. The tensile strength of which is
barely small which will not as a pivot aspect. Additionally,
compressive test is easy to be applied in the laboratory. The
paper will present a series of compressive strength of
cement concrete cube tests to obtain compressive strength
of the concrete in different times.

For Compressive Strength of Cement Concrete Cubes
tests, 36 cement cubes (12 groups) are poured for testing to
obtain concrete compressive strengths. The measured
compressive strengths of the measured 12 different time
compressive strengths are shown in Table 1 and Fig. 18.

Corresponding to the obtained compressive strengths of
the concrete in different time spots, CPSM acquired signal
amplitudes are also recorded. Three couples of CPSMs are
embedded into the concrete block. Data is recorded in 12
hours’ interval (8:00 AM and 8:00 PM) each day for 28
days and average the two data as the amplitude of this day.
The recorded data is shown in Fig. 19.

CPSM-2 connected to Wave Generator for
excitation

Concrete block

CPSM-1 d to Oscilloscope for signal
monitoring and recording

Fig. 15 Concrete strength monitoring during hydration

Fig. 16 Mold for concrete pouring

Fig. 17 CPSM set-up in the mold

It is obvious that the magnitudes in the first 7 days is
increasing which seems conflict the theoretical in Eq. (6).
The reason is that the damping in the very early age is very
high. Concrete in the first 7 days are highly viscoelasticity,
it means the compressive stress is not linearly related to the
strain. Eq. (6) is not applicable for viscoelastic materials.

The concrete is viscous at very beginning. Compressive
waves will be highly attenuated during propagation. As time
goes on, concrete starts to get solidified. The damping will
decrease and wave amplitude will increase. When the
damping changes are small enough, the wave amplitude
starts to decrease. Signal energy losses during emission.
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Table 1 Concrete compressive strength

Day 1 2 3 4 5

6 7 11 15 21 25 28

Compressive

Strength (MPa) 4.2 104 134 189 218

265 311 38 43.3 441 44.6 453
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Fig. 21 Signal Amplitudes vs. Compressive Strength

After 7 days hydration, signal amplitudes decrease along
with hydration. The analysis data is based on the signal
amplitudes between 7- 28 days. The figure (Fig. 20) below
shows the root square fitting function of the compressive
strength between 7-28 days. The function agrees at earlier
stage (from 7-17days), after that the deviations are turned to
be larger.

The signal amplitudes during concrete hydration has the

1

relationship of M = m(t —n) 2z + C in which n is related
to the first effective data. C=800 is related to the close-final
stage signal amplitude. The results may be changing varies
with the PZT patch characteristics.

If only picking up 7th, 11th, 15th, 21st, 25th and 28th
day compressive strength data and the corresponding
acquired signal amplitudes of couple 2 and fitting them to a
root square function which is shown in Fig. 21, the fitting
function of signal amplitudes and compressive strength has
the relationship of Eq. (7).

M :a(s—ﬂ)’ic ()

where «a is the coefficient, g is the initial effective
compressive strength, C is constant related to the acquired
signal amplitude.

The coefficient for couple 2 is a« =350.0, 8=
31 MPa and C=1080 mV. If go back to Eq. (5), the
coefficient a o< —2= is universal for all the three couples.

wlp
3.4 Modal analysis

Structures will endure seismic loading which will result
in cracks and influence the structural stabilities. Structures
need to be monitored to ensure their stabilities for daily use.
In the construction, embedding typically manufactured
sensors into the target structures will be costly. The CPSM

built in this study will be assessed via dynamic analysis. In
order to evaluate the performance of CPSM, one concrete
dam model is built. The PCB accelerometers are sticked to
the model, and finite element method is applied for
comparison. The layout of CPSMs and PCB sensors are
shown in the following Fig. 22.

3.4.1 Experimental modal analysis (EMA)

The dam module is placing on a shaking table. PCB
accelerometer is manufactured with certain correction for
signal acquisition which can accurately acquire the signal
acceleration as well as the frequency information. However,
the built CPSM can only get the non-regulation signal with
the same frequency information as manufactured PCB
accelerometer. After being filtered, the signal obtained by
both PCB and CPSMs can be used to do structural dynamic
modal analysis. The monitoring process is shown in Fig. 23
below.

Experimental modal analysis in the study is based on the
Ibrahim Time Domain Technique (ITD) which is put
forward by Ibrahim and Mikulcik (1973). The ITD method
uses structural free response data to construct two response
matrices with a certain time delay between them. The delay
relationship is used to form an eigenvalue problem. All the
natural frequencies, damping factors and models can be
extracted by solving the problem.

Consider a multi DOF system as Eq. (8) as follow.

M (t)+Cui(t) + Ku(t) = F(t) (8)

where u(t) is the vector of displacements at time t. F(t) is
the vector of forces at each time interval, M, C and K are
the mass, damping and stiffness matrices respectively. If the
excitation is white noise, F(t) above is equal to 0.

The solution of Eq. (8) can be denoted as Eq. (9) in the

following
u(t)=[e]{e"} ©

where [¢] is Eigen-matrix, eSt = e51t,e52¢t, ... eS2Nt are
the eigenvalues of the structure, N is degree of freedom.
Egs. (8) and (9) can be solved as Eq. (10).

(s’ [M]+s[C]+[K][¢])=0 (10)

For the un-damping linear system, Eq. (10) has the
relationship as Eq. (11) as follow.

S = _gra)r + ja)r 1_§r2

* : 2
S =—¢, — o, 1_§r

r

(11)

where w, is rth order natural frequency, ¢&. is the
corresponding damping ratio. The vibration response at ith
point at t, can be denoted as a set as Eq. (12).
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ui (tk ) = Z((piresrtk + (p: esrtk ) = Z(piresr[k (12)
r=1

r=1

where M = 2N, ¢;.is ith component of rth order model
matrix.

If the measured point is much less than the twice of
systematic degree of freedom, virtual point should be
constructed by using delay method. The delay should be the
integer multiples of A;. The response is thus shown in Eq.
(13).

5i+n =X (tk + At)
Oion = X%, (tk + 2At) (13)

i+2n

The response matrix [A]yx; built up by free vibration
response of M measuring points in L different time as Eq.
(14).

[Al =[P [Al (14)

After A, delay, the response matrix is shown in Eq.

(15).
[A],. =[®],. [Ale (15)

where [&)]MXM :[(D]MxM [a]MxM '

Eq. (16) can be derivated by substituting Eq. (14) into
(15) as follow.

[Al[@]=[2][a] (16)

where [A][A] = [A] in which [A] is the least-square
solution. Two Pseudo-inverse solution of [A] are shown in
Egs. (17) and (18) as

-1

[Al=[A][aT ([a)1aT) )

[A1=[A][AT ([a)[AT )" (18)

The rth order eigenvalue of [A] is es2t. Let the solved
eigenvalue V; satisfied the following Eq. (19).

i 2
_ ASAt (_é:rwr"'lwr \fl—éf,‘r )At (19)
Vr =e" =€
The modal frequency w, and damping ratio can thus be

calculated as Egs. (20) and (21).

oAt (20)
G= ———=
1+[|manvgj (21)
Re(InV,)

The experimental equipment is shown in Fig. 24.
Gravity dam section is placed on a shaking table. Dam
section is glued to the shaking table with CPSMs are
embedded in the dam section.

White noise with excitation frequency from 100 Hz to
2000 Hz of various equivalent accelerations is used in the
test. In the modal analysis, the signal acquired by CPSM
and PCB accelerometer are obtained under the excited
equivalent frequency equals to 2.0 g. Signal are acquired by
dSPACE system with a sampling frequency of 4000 Hz,
according to Nyquist theorem. The excitation direction is
perpendicular to dam axial, horizontally shown in Fig. 25.

The paper takes signals acquired from CPSM, PCB
accelerometer for experimental modal analysis, comparable
analysis and assesses the feasibilities of CPSM in structural
monitoring analysis.
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For the multi measured points’ modal analysis, one
reference point need to be selected. Before being used ITD
modal analysis, cross power spectral density of two selected
measured points are obtained. The modal parameters
identification is based on the obtained cross power spectral
density. For modal analysis using CPSM, #2 CPSM point
(See Fig. 24) is selected as the reference point. The cross
power spectral density between #2 CPSM and #1 CPSM is
shown in Fig. 26(a) as follow.

The Cross Power Spectral Density is used as the input
for ITD modal analysis. The Impulse Response Function of
the input Cross Power Spectral Density is in Fig. 27(a)
below.

If the same processes are applied to the signal acquired
by PCB accelerometer, the Cross Power Spectral Density
and Impulse Response Function of it are shown in Figs.
26(b) and 27(b). Cross power spectral density (cross-PSD)
is allowed to determine the relationship between two signals
as a function of frequency (Zhang and Jia 2005). Cross
power spectral density for signals from CPSM and PCB
accelerometers are similar. It means the relationships
between two CPSMs and two PCB accelerometers are
similar. Amplitudes from PCB accelerometers are a little bit
larger can be explained by considering damping of coating
on PZT patches. Impulse response function is the response
of any dynamic systems from external change. Same as
cross-PSD, the amplitude is a little bit larger.

For PCB acquired signal based modal analysis, point #1
is selected as reference point. The cross power spectral
density is obtained between #1 and #3. Since the dam
section is a whole block, wherever the points being selected
does not influence the identified results. The first ten order
modal parameters are extracted based on PCB acquired and
CPSM acquired signals by using ITD modal analysis. The
results are shown in Table 2.
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3.4.2 Numerical modal analysis

Finite element method (FEM) modeling is used in this
part to do the modal analysis to compare with experimental
modal analyses based on both PCBs and CPSMs. The dam
section finite element model is constructed in ANSYS 14.5
with the exactly the same dimensions and material
properties as being used for experimental modal analysis.
Young’s modulus of the concrete is obtained by using
rebound hammer as 14.29 GPa, the density of the concrete
is measured as 2100 kg/m® and Poisson’s ratio is set as
0.30. The dam model is meshed by 14630 hexahedral
elements shown in Fig. 28. The degree of freedom (DOF) is
set as zero on the bottom surface to model the experimental
tests, in which the dam section is sticked to the shaking
table. Numerical modal analysis by FEM modeling in the
aid of ANSYS 14.5 extracts the first ten order modal
frequencies shown in Table 2 as follow. Modal frequencies
can be obtained directly from ANSYS post possessing. The
first ten order frequencies extracted from ANSYS are
shown in Table 2. The displacement vector contour images
of all the nodes under first four order natural frequencies are
shown in Fig. 29.

The results in Table 2 shows that the natural frequencies
extracted from CPSM acquired signal have small relative
errors (<3%) in the first 10 orders except 4th, 5th and 10th.
The natural frequencies identified from CPSM are
acceptable. However, the differences between CPSMs and
numerical results are larger (~5%). The reason might be
explained that rebound hammer will not give a very
accurate Young’s modulus which is very sensitive for the
modal parameters.

Fig. 30 shows the power spectral density of signals
acquired by both PCB (left) and CPSM (right). The comb-
like peak values are corresponding to different orders
natural frequencies. The manually-manufactured CPSM can
extract the frequency properties as regulated PCB
accelerometer. The built CPSM and its application can thus
be verified and evaluated.

Fig. 28 FEM meshing of dam section

ANSYS 14.5
DEC 17 2016

STEP=1

Fregency

©
>}

RECCNDEEN ;*

©
w

Fregency

Fig. 29 Displacement vector contour images of all nodes
under first four order natural frequencies
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Table 2 Natural Frequencies Comparison among PCB accelerometer, FEM, and CPSM

Order 1 2" 3" 4" 5"
PCB (Hz) 49.84 150.18 317.98 395.95 525.17
CPSM (Hz) 49.77 150.22 317.47 461.15 487.05
FEM (Hz) 52.55 161.13 352.90 467.43 499.65
Relative Error (CPSM vs. PCB) 0.13% 0.03% 0.16% 14.14% 7.83%
Relative Error (CPSM vs. FEM) 5.29% 0.60% 10.04% 1.34% 2.52%
Order 6" ™" g" g" 10"
PCB (Hz) 649.83 840.94 1059.62 1150.25 1287.98
CPSM (Hz) 650.27 859.56 1040.19 1135.71 1195.15
FEM (Hz) 680.37 909.69 997.58 1103.51 1284.00
Relative Error (CPSM vs. PCB) 0.07% 2.17% 1.87% 1.28% 7.77%
Relative Error (CPSM vs. FEM) 4.42% 5.51% 4.27% 2.92% 6.92%
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4. Conclusions

Three major experiments are presented in the paper to

assess the application of CPSMs in four different areas. The
first, frequency properties obtained from CPSM and the
comparison between them and the input signal properties,
second, using CPSMs to get the attenuation function under
certain excited signal, third, estimate the concrete strength

during early age and finally, comparing modal parameters
of the same structure by using PCBs, CPSMs and finite
element analysis.

Assessment was made by comparing the frequencies
between excited linearly chirp signal and CPSM acquired
signal. Fast Fourier Transform was applied to transfer the
signal from time series to frequency domain. The power
spectral density of both chirp signal and CPSM acquired
signal were generated and compared. Results found that
frequencies with higher densities locate in the same range.
The PSD for CPSM acquired signal had lower value
comparing to chirp signal due to the mixed noise.

Based on the embedded CPSMs in the concrete block
and through the excited signal analysis, the signal
magnitude attenuation function was obtained. The
magnitudes for the sweeping frequencies had an
exponential relationship with different frequencies. In
general, in the certain frequency range, the higher the
frequency the higher the magnitude of acquired signal.

Two CPSMs embedded into the concrete during
hydration to excite and acquire signal in a certain time
series. Assumptions were made by assuming, (1) the
compressive wave propagated inside concrete as one-
dimensional wave, and (2) concrete to be elasticity after
approximately 7 days. Regardless of the earlier ages (1-6)
(viscoelasticity) in which the damping of wave propagation
is very big, the CPSM acquired signal magnitude was
decreasing along with concrete solidification. CPSM
acquired signal magnitude would decrease exponentially
along with concrete solidification. Therefore, concrete
strength could be estimated by considering the CPSM
acquired signal amplitude.

Modal analysis was also performed to extract the modal
parameter of the designed structure by using PCBs
accelerometer, CPSMs and FEM analysis. The first ten
order modal parameters were extracted through
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experimental modal analysis by using both PCB acquired,
CPSM acquired signals and FEM. PCB accelerometer were
manufactured with regulations which were used as
comparison and evaluation of CPSMs. Modal analysis
results showed that CPSM acquired signal extracted modal
natural frequencies agreed very well with PCBs acquired
signal extracted modal natural frequencies. The extracted
natural frequencies from both CPSMs had relative small
error (2%) comparing to the ones extracted from PCBs.
Additionally, the differences between CPSMs extracted
model frequency had a relative small error (~5%) as well.
The constructed CPSM is applicable for monitoring of civil
structures.
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