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Abstract

Earthquake is one of the natural disasters on the earth. Monitoring and assessing of earthquake-induced structural
damage is of great significance to protect human life and properties. This paper proposes an insertable sensing
technology to provide quantitative damage evaluation in real time for concrete structures. An insertable sensor named
smart socket module (SSM) was designed using a diamond array of four spherical piezoceramic shell (SPS) elements
pre-casted in a rectangular module with cement-based grouting material (CGM). SSM functions as a stress wave
transmitter and receiver node in concrete. The stress wave propagation characteristics in SSM were studied by using
finite element analysis. To further verify the feasibility and capability of using SSM for concrete damage evaluation,
two experiments, including active sensing-based crack detection and passive sensing-based impact identification, were
carried out. Both numerical and experimental results show that the designed insertable module has great potentials to
provide a high sensitivity of sensing earthquake-induced damages and structural dynamic responses for concrete
structures.
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1. Introduction

Seismic loads applied on concrete structures could cause local damages on concrete elements, and even lead
to whole structural failures. Over the past hundreds of years, earthquake-induced structural damages
seriously threaten human life and properties. To ensure the safety of civil infrastructures and provide
assessment of structural condition, structural health monitoring (SHM) have been considered as an effective
tool to monitor structural real-time information during earthquakes [1-3].

In recent years, structural health monitoring-based technologies have received revolutionized
accomplishments which significantly help to ensure the safe operation of civil structures [4-6]. Traditional
methods, such as strain sensing, electrical impedance tomography (EIT), and electro-mechanical impedance
(EMI), have been widely applied for inspecting and monitoring various structures of their service conditions
during past years [7]. However, most of the existing inspection and monitoring methods are insensitive to
hairline damages or early-age damages in structures. Ultrasonic guided wave (UGW) is a newly emerging
technology for non-destructive testing in the past years [8, 9]. Through the analysis of the signal collected by
defect boundary or interface, this method could efficiently identify and localize structural damages,
especially for invisible minor cracks. Piezoceramic transducer is the mostly popular transducer used in UGW
due to its excellent electromechanical coupling property [10, 11] and wide frequency response. The
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transducer can perform both active and passive sensing for the damage profiling and structural vibration
analysis. Song et al. designed a piezoceramic-based sensor called embeddable smart aggregate (SA) with a
sandwiched structure of a piezoceramic patch and two mated marble blocks. SAs can be distributely pre-
embedded in concrete and communicate to each other through stress waves. SA-based technologies have
been utilized to monitor the damage conditions of reinforced concrete bridge [12], detect the column damage
under blast loads [13], characterize hydration performance of early-age concrete [14], study on stress
monitoring the sand-filled steel

tube during impact [15], etc. Recently, a novel embeddable spherical smart aggregate (SSA) was proposed
by Kong et al. to enhance the limitation of detecting aperture of SA [16,17]. Because of the spherical
geometry design, SSA has the capability of onmi-directional detection, which can generate spherical stress
waves in concrete [18]. Though SA and SSA sensors have been successfully employed to laboratory research
and field applications in SHM, there is a common drawback that the connection wire of SA/SSA should be
carefully fixed when constructing, and could not be alternative while the sensors broken-down, all of these
lead to a high cost and additional labor for real projects.

In this paper, the authors present their recent work in designing an insertable sensor called smart socket
module (SSM) using for four spherical piezoceramic shell (SPS) in a diamond array for concrete damage
diagnosis. SSM can be firmly inserted in premade concrete slots and bring concrete very little to nothing
influences to its mechanical properties. Firstly, the fabrication procedures of SSM were illustrated, including
assembling SPS array, molding, casting, and cable connecting. Secondly, a numerical simulation was
performed to reveal the working principle of SSM when it is used as an actuator for signal generation.
Thirdly, two experiments were designed and conducted to demonstrate the SSM functions including
structural damage detection and impact identification in concrete beams. In the first one, two inserted SSMs
as one actuator and one sensor were utilized to monitor the concrete beam cracks in different heights. A
damage index was defined to quantify crack conditions using the signal received by the SSM sensor. In the
next experiment, the SSM functionality for sensing structural dynamic response was tested. One inserted
SSM was used to identify the impact loads applied on the beam surface. Both numerical and experimental
studies give promising results to prove that the designed SSM has great potentials to be safely deployed in
concrete structures and provide real-time information for earthquake-induced damages and structural dynamic
responses.

2. Piezoelectric effect of spherical piezo sensor

Piezoelectric effect was introduced by the brothers Pierre Curie and Jacques Curie, in 1880 [19].
piezoelectricity includes both the direct effect and the inverse effect. The direct effect means the generation
of electrical charge when the material subjected to stress. Conversely, the inverse effect refers to the
generation of strain while the object was applied by an electric field. Lead zirconate titanate (PZT), as one of
the piezo materials, has been made to transducers with various shapes in SHM, such as patch, cylinder,
spherical shell, etc. Compared to other PZT shapes, spherical PZT shell is able to facilitate the availability
and capability in three dimensions. The detailed properties of PZT are shown in Table 1. The constitutive
equation of the spherical piezo shell in spherical coordinate system is given below [16]:

O, = Cy3E,, + 201380 — €3 E, O]

O = Ci36,, +[Cn +CIZ]890 —eyE, ()

Opp = 0w 3)

D, =eys,, +2e58, +&,E, “)

where o, ,0,, , 0y are the stress components along the radial, polar angle and azimuthal angle,

respectively. €, ,€,, are the strain components along the radial and azimuthal angle, respectively. E, is the

o
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radial electric field, D, is the radial electric displacement. c; is the elastic constant, e; is the piezoelectric
coefficient. The stiffness matrix and the piezoelectric stress matrix are symmetrical, namely ¢, =c;, ,

e, =e;(i,j=1,2,3).

Table 1 — Material properties of the spherical piezoceramic shell

v , Piezoelectric strain Relative dielectric
Material Density m(())l(llllll%uss Poisson’s coefficients constant
type (10°kg/m*) (GPa) ratio ds; ds ot
10"°m/V) | (10"°m/V) "
PSnN-5 7.7 65 0.36 4.5 -1.6 1600

3. Fabrication and working principle of the Smart Socket Module (SSM)
3.1 Fabrication procedure

To generate omni-directional stress waves in the detecting field, a spherical piezoceramic shell (SPS) is
utilized in SSM design. Four SPSs were firstly coated with epoxy resin as a layer of waterproof and electric
isolation. A copper tube was used to protect SPS wire and fix the SPS when casting and eliminate signal
noise while working. Four SPSs were arranged in a diamond array and installed in a casting mold made of
acrylic in advance, as shown in Fig.1(a).

Secondly, a SSM was fabricated by casting cement-based grouting material (CGM) to the mold. During the
casting process, slight vibration is necessary to guarantee intimate contact at the interface between SPS and
CGM. Since the CGM performs high-strength and self-compaction properties, and provides extraordinary
continuous interface to normal concrete. After curing process, the mold was removed from the module, and a
plug-in panel with a Bayonet Neill-Concelman (BNC) connector was placed on the module. Fig.1(b) shows a
photo of an assembled SSM.

Plug-in panel

LN\
= R momnrd
Aviation connector -_— /

BNC connector

T

(b) An assembled SSM

(a) SPSs arraying in mold

Fig. 1 — Fabrication procedure of an SSM

3.2 Working principle

A numerical simulation in Abaqus was performed to analyze the working principle of SSM as a stress wave
actuator. In the finite element model, a Gaussian pulse was simultaneously applied to each SPS. The
wavefield distributions at two moments are shown in Fig.2. At time equals to 4.12ms, it can be seen that four
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SPSs simultaneously transmitted stress waves outward. When reaching 5.04ms, four waves were
superimposed on the surface of the SSM, and an energy focusing region appears in the center of the surface.
According to the superposition principle, when the SSM was inserted in concrete, it can transmit the probe
signal in the form of the superimposed waves to concrete.

(a) Time =4.12ms (b) Time = 5.04ms

Fig. 2 — The wave field distributions during stress wave generation process

4.Experiment
4.1 Experiment 1: Active-sensing for damage profiling
4.1.1 Experimental setup

An experiment was carried out to verify the capability of SSM for damage profiling. A total of four concrete
beam specimens, including one intact concrete beam and three damaged beams with 3cm, 6¢cm, and 9cm
height of crack in the middle section were prepared. The length, width, and height of the beam are 700mm,
120mm, and 180mm, respectively. For each beam, two rectangular slots were reserved to install SSMs.
Fig.3(a) shows the installation schematic of SSM1 and SSM2 for each beam. The detailed information of
SPSs with label No. are given in Fig.3(b). In this experiment, the SSM2 was utilized as a generator to excite
a probe signal. Meanwhile, the SSM1 was chosen as the sensor to receive the signal propagated from SSM2.
The experimental setup is presented in Fig.4. The intact concrete beam and the other ones with cracks of 3cm,
6cm, and 9cm beams are defined as casel to case4, as shown in Fig. 5. The excited signal used in this
experiment is a sine sweeping wave with the period, amplitude, frequency range of 0.5s, 150V, 1kHz to
50kHz, respectively.

; Reserved hole

1 7 ‘ f‘l |
-1 | ‘

[7.‘

TRd, [
s/ Tl
(a) Inserting the SSMs into concrete beam (b) Perspective of SSM sensing in beam

Fig. 3 — Schematic of SSM working
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Fig. 4 — Experimental setup Fig. 5 — Four cases of the beam specimens

4.1.2 Damage index for crack condition evaluation

A damage index was defined to evaluate the damage quantitively. The received signal was firstly
decomposed into 2" sets by a signal processing tool of wavelet packet decomposition:

(X, X, X, | (5)

In each set, X, (i =12,.. .2") can be decomposed as:

‘Xvi :I:)(i,l’Xi,Z""’Xi,ln:| (6)
where m is the number of data samples. The energy of each set can be defined as:
< 2
E =YX ¥
Jj=1
The total energy can be acquired by summing of £, :
o
E,=YF (8)
i=1
The damage index / can be defined as:
]I: =1- Etf)t,k /Etit,l (9)

where E,, , means the total energy received by 5" SPS in k" case (s,k=1,2,3,4). When E’ E’ . the

tot,k — “tot,1°

signal is identical to the original signal. It can be obtained /=0, which means the structure is very close to
intact condition. While E;

tot ,k

damage condition. The stress waves cannot be received by the sensor.

=0, i.e., I=1, the structure appears the penetrating crack or states in a severe

4.1.3 Experimental results

All SPSs in SSM2 generated the same probe signal simultaneously. SPS1 to SPS4 in SSM1 received the
signal response individually. The same test procedures were carried out on each beam specimen. Fig.6 shows
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cases and the average values of all SPSs in each case were computed and drawn in Fig. 7.

From fig.7, it can be seen that, both damage index values from each single SPS and the average value, the
increases monotonically with the growth of crack height. In case 2, the value is very close to 0, which agrees
with the specimen condition that the crack occurs at the bottom of the beam (crack = 3cm). After that, the
damage index value ascends sharply from case 2 to case 3. Correspondingly, the crack depth increases from
3cm to 6cm which is one third of the total beam height. In case 4, the damage index value rises to about 0.8,
which implies that the beam is in a severe damage condition. Correspondingly in this case, the crack depth of

the beam is 9cm, which is half of the total beam height.
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Fig. 6 — Time-domain signal of each SPS in SSM1 under different cases

Damage Index
=
~ oy ) o

o
o

g
=]

casel case2 case3 case4
(a) SPS1

Damage Index
=
~ o ) =
n
.

o
o

[
- L L L

casel case2 case3 cased
(c) SPS3

o
o

- 9d-0009 -

Damage Index
°S o o o =
S} E [=)) o [=)

o
o

Damage Index
S o o o =
S} ES =) [~) [=)

o

casel case2 case3 case4
(b) SPS2
- L} 1 1
casel case2 case3 case4

(d) SPS4



9d-000

9 _
L N

(a) Wave propagation schematic

Voltage (mV)

Voltage (mV)

The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 27th to October 2™, 2021

o
o
T

Average Damage Index
o =]
= [=2)
T T

02|

0.0

casel case2

case3

(e) Average of Four SPSs

Fig. 7 — Damage index

Impact hammer

x Impact point

case4

(b) Impact generation with an impact hammer

Fig. 8 —Experiemental setup for impact identification

1500 T T T T
1000 - i
500 B

0 f ™ | L L |
0 1 2 3 4 5 6
Time (s) %107

200 L T T T

‘—SPSI = SPS2 SPS3 == SPS4

Time (s)

Fig. 9 — Excitation impact hammer signal and received signal from all SPSs
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4.2 Experiment 2: Impact identification

To investigate the passive sensing capability of SSM, an impact experiment was also implemented in this
research. The experimental schematic is shown in Fig.8. In this study, SSM1 was used as a sensor. An
artificial impact was generated by an impact hammer on the projection point of SSM1 in the back side of the
beam. Fig.9 shows the excited impact signal and received signal from each SPS. It can be clearly seen the
impact event can be clearly captured by all SPSs in the tested SSM. Furthermore, it is visually obtained that
SPS2 received the maximum peak value because of the minimum stress wave attenuation path between
impact point and SPS2. The interval of arriving time would be studied for impact localization in the future
research.

5.Conclusion

In this paper, an innovative insertable sensing module called SSM was designed and tested. A detailed
fabrication procedure was introduced. The numerical simulation revealed that the SSM could generate
superimposed waves to enhance the probe signal strength which could help to improve the crack detection
accuracy. In the first experiment, results show that the damage index values increase monotonically with the
growth of crack height in the concrete beam specimens. The feasibility of using SSMs for damage profiling
was verified. In the second experiment, each SPS in the tested SSM can clearly captured the impact event,
which verified the capability of using SSM for sensing structural dynamic response. In the authors’ future
work, crack imaging technology will be studied for crack reconstruction by using SPS array. In addition, the
impact localization technology will also be studied to determine the impact location of the structure with
inserted SSM.
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