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Abstract. Buildings featuring vertical greenery typically provide substantial
ecological, aesthetic, and economic advantages. However, the increased loads
associated with the planting jeopardize the structural integrity, particularly in
areas of significant seismic activity. Consequently, Structural Health Monitor-
ing (SHM) methodologies, such as electro-mechanical impedance (EMI), are
utilized to enhance the safety of structures. While the efficacy of the EMI
method for SHM in reinforced concrete (RC) structural elements subjected to
quasi-static loading sequences has been thoroughly examined in the literature, a
notable research gap exists concerning its investigation under dynamic loading
conditions. This study conducts an experimental inquiry into the feasibility of
the EMI method for damage identification in a one-bay, one-story RC space
frame structure subjected to earthquake vibrations. Consequently, a shaking ta-
ble was employed to stimulate the RC frame with gradually increasing ground
excitation, in which piezoelectric patches are strategically integrated at careful-
ly selected positions. The incorporated PZT sensors enable prompt assessment
of earthquake-induced damage to the RC frame. The experimental results indi-
cate that the EMI method proficiently and swiftly detected damage formation
within the RC frame.

Keywords: Structural Health Monitoring (SHM), Electro-Mechanical Imped-
ance (EMI), damage diagnosis, dynamic loading, Reinforced Concrete (RC)
frame.
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1 Introduction

The renovation of existing buildings to improve energy efficiency has recently
gained significant popularity, due to the environmental and economic consequences
of climate change. Furthermore, the implementation of green politics, along with the
substantial ecological, aesthetic, and financial benefits of buildings featuring vertical
greenery, has increased their popularity in recent times. Nevertheless, the escalated
loads related to the planting pose a risk to the structural integrity, especially in regions
with heightened seismic activity. The external loads of buildings with vertical green-
ery are transferred either directly to the building's slab or via the infill walls, as de-
picted in Fig. 1. However, these loads will ultimately impose stress on the vertical
structural elements, such as RC columns. Furthermore, during a seismic event, they
will increase the inertial mass of the building, thereby augmenting the total base
shear. Additionally, the current building stock is more susceptible due to its construc-
tion in accordance with outdated building regulations. Therefore, the assessment of
the structural integrity has become of utmost importance.

Fig. 1. Building with vertical greenery and e different types of plant-associated external
loads.



Visual inspection by highly skilled structural engineers is the conventional method
for assessing structural integrity. Although visual inspections provided critical infor-
mation, they face severe drawbacks regarding inaccessible or coated structural mem-
bers and prompt diagnosis of structural damage. Furthermore, the energy renovation
of existing structures has intensified the challenges of visual inspections, as a greater
proportion of Reinforced Concrete (RC) members are inaccessible due to the use of
insulating materials. In contrast, newly developed Structural Health Monitoring
(SHM) methods, with real-time capabilities, enable continuous inspection of RC
structures. Li et al. utilized a PZT-enabled SHM approach for the assessment of dam-
age in an RC planting balcony over a period of approximately seven months [1]. The
proposed SHM scheme produces promising results; however, temperature compensa-
tion is conducted to account for the effects of ambient temperature on the PZT trans-
ducers. Therefore, SHM methods have gained research interest as essential tools for
assessing the structural integrity of newly constructed or existing buildings [2].

Over the past decades, numerous SHM techniques have emerged, including Acous-
tic Emissions [3, 4], Guided Waves [5, 6], laser scanning [7, 8], infrared thermogra-
phy [9, 10], digital imaging and image correlation techniques [11-14], and the Elec-
tro-Mechanical Impedance (EMI) method. According to the extensive literature, the
EMI method constitutes a localized SHM technique, capable of ensuring prompt di-
agnosis of crack formation in RC members [15-18]. Among the various SHM tech-
niques, the EMI method has garnered substantial recognition as a promising approach
for continuous structural integrity assessment of RC structures. This is attributed to its
unique integrated functionality, whereby a single piezoelectric transducer functions
concurrently as both a sensor and an actuator, owing to the properties of the piezoe-
lectric material phenomenon. Moreover, the EMI technique is distinguished by its
extensive frequency spectrum, swift responsiveness, and, more significantly, cost-
effectiveness.

The EMI method leverages the intrinsic coupling characteristics of piezoelectric
materials, such as lead zirconate titanate (PZT) transducers, to correlate the EMI re-
sponse of an attached PZT transducer with the mechanical impedance structure. Spe-
cifically, the structural attributes of the monitoring structure, encompassing mass,
stiffness, and damping, influence its mechanical impedance and are manifested in the
EMI responses of the PZT patches [19]. Therefore, any variations in the structural
integrity of the monitored structure are reflected in the EMI signature of the PZT [20].
Based on published literature, PZT transducers are typically integrated as smart ag-
gregates within RC members [21] or affixed to their exterior surface using epoxy
bonding [22]. However, according to Naoum et al., embedded PZT sensors, such as
smart aggregates, exhibit heightened sensitivity to the accumulation of damage and
the stress fields of the host structure when compared to externally bonded PZT patch-
es [23]. Moreover, research has emphasized the influence of temperature fluctuations
on the EMI response of PZT transducers; consequently, a compensation procedure is
required to differentiate the impact of environmental factors such as temperature and
humidity variations [24, 25].

Researchers have thoroughly investigated the efficacy of the EMI method for SHM
of RC members over the last decade. The majority of studies focused on prompt load-



induced damage detection, yielding promising results [26, 27]. Furthermore, research
initiatives have shown the applicability of the EMI method for SHM of full-scale
subassemblies of RC structures, including RC beams [21, 28-30] and RC joints [31-
33] under quasi-static loading. Recently, the SHM of retrofitted RC members using
EMI-based methods has been carried out through the application of machine learning
techniques [16, 17, 27]. However, previous research has primarily focused on damage
detection using quasi-static loading conditions, and studies concerning the SHM of
RC structures under dynamic loads remain notably limited.

Therefore, this study conducted an experimental investigation into the effective-
ness of the EMI method for damage detection in a one-bay, one-story RC space frame
structure subjected to seismic vibrations. Consequently, a 3d RC specimen has been
fabricated with meticulously positioned PZT sensors. More specifically, the EMI
responses of seven PZT sensors are illustrated, of which five have been mounted on a
beam and two on a column. The RC specimen was subjected to incremental levels of
Peak Ground Acceleration (PGA) on a shaking table. To accomplish this incremental
loading, a spectrogram of the significant ground motion that notably affected Thessa-
loniki in 1978 was carefully modified, thereby subsequently determining the dynamic
behavior of the shaking table. Between the seismic sequences, the EMI responses of
the PZT transducers were recorded through a novel autonomous monitoring device.
The EMI signatures obtained were employed to facilitate the prompt identification of
damage within the RC columns during the shake table tests. The findings underscore
the efficacy and sensitivity of the EMI-based methodology for the SHM of RC space
frame structures subjected to seismic excitations.

2 Materials and Methods

2.1  Materials Properties

This study involved casting one 3d frame RC specimen at a scale of 3:1. The re-
search employed a ready-mixed C20/25-grade concrete that complies with EN 206
standards. Furthermore, two types of steel reinforcement were employed. The slab,
the foundation, and the longitudinal reinforcement of the columns utilized B500C,
while the stirrups of the columns employed S220. Additionally, hollow clay bricks
were employed for the construction of the masonry infills with dimensions 60/90/190
mm (width/height/length), a weight of about 1.2 kg per brick, and vertical holes cov-
ering 55% of the total brick volume. The nominal average axial compressive strength
of bricks, as determined by the EN772-1 uniaxial compression test, with vertical
holes, is approximately 9.8 MPa; when the percentage of holes is excluded, this value
increases to 21.7 MPa.

Furthermore, PZT transducers were utilized in this investigation for EMI-based
SHM. The PZT patches used in this publication are commercially supplied by Pi Ce-
ramics and have dimensions of 10 mm x 10 mm x 2 mm, as depicted in Figure 2.
According to the manufacturer’s specifications, the density of the PZT was 7800
kg/m3. Furthermore, its Poisson's ratio is 0.34; the mechanical quality factor and the



dielectric loss factor are 100 and 20 x 10-3, respectively. Furthermore, the relative

permittivity was measured to be 2400 and 1980 in the parallel and perpendicular ori-

entations to the polarity, respectively.
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Fig. 2. Ready to install PZT Patch

2.2 Specimens’ details

As previously stated, the experimental investigation involves subjecting a one-bay,
single-story RC frame structure to earthquake simulation through testing on a shaking
table, with gradually increased Peak Ground Acceleration (PGA) level. The specimen
was designed in accordance with older code provisions established in the 1970s, prior
to the adoption of the current Eurocodes 2 and 8, as well as the New Greek Seismic
Code for Concrete Structures. This choice is attributed to the fact that a significant
portion of existing structures were designed and constructed prior to the establishment
of modern codes. The structural components of the specimen consist of a slab with
four cantilevers, four beams, four columns, and four infill masonry walls.

The clear span of the beams was 1.24 meters, while the clear height of the columns
was 1.0 meters. The cross-section of the column measured 13 by 13 centimeters, with
four longitudinal reinforcement bars, each with an 8-millimeter diameter, meticulous-
ly positioned at each corner. Additionally, a closed steel stirrup fabricated from a
smooth S220 steel grade, with a diameter of 5.5 millimeters, was positioned every 6
centimeters to serve as a transverse component reinforcement. Furthermore, an RC
slab featuring four balconies and four hidden beams was built atop the columns, with
a thickness of 20 centimeters. This bulky RC slab was employed to concentrate the
potential damage to the RC columns and the brick infill panels.

2.3 Testing procedure

As mentioned earlier, this study involves subjecting an RC frame structure to in-
cremental levels of PGAs using a shaking table. The dynamic test was performed at
the Laboratory of Reinforced Concrete and Seismic Design of Structures at Democri-



tus University of Thrace, situated in Xanthi, Greece. According to the manufacturer,
the uniaxial acceleration capacity of the shake table was 1.6g for a payload mass of
eight tons and 2.9g for a payload mass of four tons. Additionally, the maximum ve-
locity and displacement of the shaking table were 1.2 m/sec and 23 centimeters, re-
spectively. Furthermore, the range of response frequencies extended from 1.0 to 50.0
Hertz.

Additionally, 12 accelerometers, 8 string potentiometers, and 20 strain gauges were
employed. To determine the story drift of the RC structure, 4 string potentiometers
were employed. To evaluate the deformation associated with the in-plane response of
the infills, 2 pairs of string potentiometers were utilized. The accelerometers were
placed in triples to capture the three motion components. Furthermore, suitable mark-
ers for vision-based SHM were systematically positioned on the surfaces of the spec-
imens. These markers were used to extract the displacement field from videos cap-
tured by two cameras arranged perpendicular to each other.

The dynamic loading testing encompassed a gradual increase of PGA levels until
reaching a peak acceleration of 1.1g, utilizing the earthquake component from Thes-
saloniki in the north-south direction (peak acceleration of 0.14g). The earthquake
transpired on 20 June 1978 at 20:03:21, at an epicenter located 30 kilometers east of
Thessaloniki, thereby highlighting the vulnerability of urban centers to such natural
disasters. According to the literature, 4000 buildings suffered severe damage, along
with 13000 experiencing moderate damage and 49000 encountering minor damage
[34]. More specifically, the excitation time history was generated based on the north—
south component of the seismic sequence, as recorded at the Thessaloniki-City Hotel
station, located 29 kilometers from the epicenter, as depicted in Fig. 3. Subsequently,
employing a dynamic pushover approach, this sequence has been carefully adjusted to
induce the specimen with peak accelerations of upto 0.1 g,0.29,0.59,0.8g,and 1.1
g. The final stage of the initial testing phase of the as-built structure (as presented
herein) was indicative of a structure equipped with RC members at Serviceability
Limit States (SLS), where no yielding of steel rebars was observed, and brick infills
exhibited damage initiation without collapse.
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Fig. 3. The time history of ground acceleration during 1978 the Thessaloniki earthquake
occurred on 20 June 1978.



2.4  SHM procedure

This study experimentally investigates the efficacy of the EMI method for SHM of
RC structures under dynamic loading. The EMI method leverages the piezoelectric
phenomenon, which is the ability of piezoelectric materials to generate surface elec-
tric charges when subjected to mechanical stress and to undergo mechanical defor-
mation when exposed to an electric field. Several scholars have examined the interac-
tion between a mounted PZT transducer and the host structure, proposing analytical
models to elucidate the EMI response of an attached PZT transducer subjected to
harmonic excitation. According to Liang et al., the development of damage within an
RC structure diminishes its mechanical impedance, which is subsequently reflected in
the electrical impedance of an attached piezoelectric transducer [35]. Therefore, any
variation in frequently captured EMI responses of a fixed PZT patch within a desig-
nated frequency band indicates the occurrence of structural damage in its vicinity.

Consequently, the mechanical properties, including mass, damping, and Young's
modulus, are reflected in the EMI signature of PZT as a result of the interactions be-
tween the monitored structure and the PZT transducer. Therefore, any degradation in
the mechanical properties of the host structures alters the electrical impedance of an
attached PZT transducer. Therefore, substantial variations observed in the EMI re-
sponse measurements indicate the potential occurrence of structural deterioration
within the monitored infrastructure.

Scholars typically utilize statistical scalar indices, such as Correlation Coefficient
Deviation (CCD) and Mean Absolute Percentage Deviation (MAPD), to assess dam-
age derived from the EMI responses of smart aggregates. Nevertheless, this research
utilized the Damage Index most frequently referenced in scholarly literature, the Root
Mean Square Deviation (RMSD). The RMSD quantifies the variation between the
EMI response in the pristine condition and after each loading sequence [36].
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Fig. 4. Layout of PZT sensors in the 3d RC specimen.
For the SHM of the 3d RC frame structure, seven PZT transducers were placed as
smart aggregates. As shown in Fig. 4two PZT sensors were placed in column Y3, one
in each critical region of the column. Additionally, five PZT sensors were installed on
beam C, beginning with PZT 2C at the joint of beams C and A, as well as column Y2,
The PZT 3C was positioned approximately 30 centimeters from the joint of PZT 2C.




Then, the PZT 4C was placed in the midspan of beam C. Subsequently, PZT 6C and
5C were symmetrically positioned relative to PZT 2C and 3C at the intersection of
beams C and B, as well as at column Y3. The EMI responses of all the PZTs were
captured after each loading sequence.

3 Experimental Results

3.1 The EMI response of PZT sensors

This sub-section delineates the EMI response of each PZT sensor in relation to
Vp—excitation frequency, as recorded with the RC specimen at rest. The EMI re-
sponses were measured over a comprehensive frequency range from 10 to 250 kHz.
The EMI response of the PZT sensors positioned in column Y3 is initially illustrated.
Fig. 5 shows the EMI response of PZT Y3B, which was placed in the lower critical
region of column Y3. Following the third test run, corresponding to a PGA of 0.5¢,
minor surface cracks were observed in the lower region of column Y3. These cracks
propagated further during subsequent loading sequences. During the first two loading
sequences, which correspond to 0.1 g and 0.2 g, the EMI response of the PZT Y3B
remains unaltered. However, following the development of bending cracks near PZT
Y3B, its EMI response demonstrates significant variability. Thus, the proposed SHM
scheme promptly identifies the formation of a bending crack in the lower region of
the column through alterations in the PZT Y3B EMI responses.
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Fig. 5. The EMI response of PZT Y3B located in lower region of column Y3.

Following, the EMI responses of PZT Y3T are depicted in Fig. 6. PZT Y3T was
positioned in the upper critical region of column Y3. However, no surface cracks have
been observed in the upper region of the column throughout the testing procedure, in
contrast with the lower area. The EMI response of PZT Y3T exhibits slight variations
near its peak frequency. These findings imply the formation of small, scattered mi-
crocracks in the upper region of the Y3 column.
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Fig. 6. The EMI response of PZT Y3T located in upper region of column Y3.

Subsequently, the EMI responses of the PZT sensors on beam B are illustrated.
Fig. 7 illustrates the EMI response of PZT 2C, which was placed in the joint between
column Y2 and beams C and A. The EMI response of PZT 2C exhibits a slight left-
ward shift, which, however, is not a significant variation. This signifies the com-
mencement of microcrack formation within the joint region, although no surface
cracks have been observed in the joint area. Thus, scattered internal microcracks may
have been formed in its vicinity.
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Fig. 7. The EMI response of PZT 2C located in RC Joint of the beam C and A.

The EMI response of PZT sensor 3C is subsequently illustrated in Fig. 5. PZT 3C
was positioned approximately 30 centimeters from the joint towards the midspan of
the beam. The EMI response of PZT 3C does not show variation, implying that the
area near the PZT transducer remained intact during the loading sequences.
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Fig. 8. The EMI response of PZT 3C.

Subsequently, Fig. 9 depicts the EMI response of PZT patch 4C. Although PZT 4C
was situated at the midspan of beam C, no significant variations in the EMI responses
were observed during the loading sequences. This implies that damage has not oc-
curred in the midsection of beam C, according to the EMI method.
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Fig. 9. The EMI response of PZT 4C.

Fig. 10 illustrates the EMI response of PZT 5C, which was placed symmetrical-
ly with respect to PZT 3C, 30 approximately 30 centimeters from the joint of beam C
and B. Similarly, as with the preceding PZT sensors, the EMI response of PZT 5C
does not exhibit significant variations, indicating that damage has not occurred in its
vicinity.
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Fig. 10. The EMI response of PZT 5C.

Similarly, Fig. 11 illustrates the EMI response of PZT 6C, which was positioned at
the joint between beam C and beam B, as well as the column Y3. In contrast to PZT

2C, the EMI response of PZT 6C remains unaltered throughout the loading process.
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Fig. 11. The EMI response of PZT 6C.

3.2 Quantification of EMI response variations

As previously mentioned, the RMSD damage index was employed to quantify the
variations in the EMI responses of PZTs in this study. Fig. 12 depicts the RMSD val-
ues of the PZT sensors of column Y3. The RMSD values of PZT Y3B demonstrate a
significant increase following the third loading sequence, rising from 2.5% to 3.6%,
and then progressively advancing to 5.7% and 9.7% during the fourth and fifth load-
ing sequences, respectively. The RMSD values of PZT Y1T also exhibit a slight in-
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crease following the third loading test, rising from 0.9% to 1.6%, and persist through-
out the loading process. These findings are consistent with the observed crack patterns
in the column, whereby the fissure developed in its lower region. Thus, the proposed
SHM scheme effectively detects the degradation of the structural integrity of the 3d
frame structure.
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Fig. 12. The RMSD damage index values of PZT sensors of Column Y3.

Subsequently, the RMSD values of the PZT sensors of Beam C are depicted in Fig.
13. The RMSD values of all sensors on the beam vary between 0.3% and 2.1% during
the loading tests. As anticipated, there was no significant damage to the beam due to
the presence of the substantial reinforced concrete slab, which concentrated the dam-
age within the vertical structural elements. This phenomenon is common in existing
buildings constructed according to older standards, characterized by strong slabs or
beams and relatively weaker columns.
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Fig. 13. The RMSD damage index values of PZT sensors of Beam C.
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4 Conclusions

This study examines the feasibility of the EMI method for SHM of a single-bay,
single-floor reinforced concrete frame structure subjected to seismic sequences.
Therefore, PZT sensors were carefully positioned within an RC specimen, which was
exposed to varying percentages of PGA from a significant seismic event. Thus, cracks
were formed in the critical regions of the columns, and the masonry infills. This study
classified the structural integrity of the RC specimen into two distinct categories: pre-
crack and post-crack. The EMI method effectively identified crack formation by de-
tecting variations in the EMI responses of the column PZT sensor, thereby demon-
strating its feasibility for the SHM of RC structures. In contrast, the PZT sensors lo-
cated in the beam, where cracks weren't formed, exhibit minor variations. Therefore,
the proposed SHM scheme promptly identifies the initiation of damage formation,
even though it was relatively close to the Serviceability Limit States (SLS) of RC
structures. Such RC damages are difficult to detect, as the residual drift of the struc-
ture is negligible. Future research should further investigate the effectiveness of the
EMI method under conditions approaching near-collapse damage in RC structures, as
well as the effects resulting from additional mass following innovative renovations.
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