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 1. Introduction 
 

Recent earthquakes in the eastern Mediterranean 

countries highlighted that shear brittle failure of Reinforced 

Concrete (RC) column in existing frame structures, 

particularly built with old Code Standards, poses a serious 

seismic risk. Earthquake damages in critical RC members 

adversely impact the ability of structures to withstand future 

seismic excitations and increase risk to fatal failures and 

catastrophic collapses if not controlled. Thus, the real time 

surveillance, the continuous inspection and the in-situ 

measurements of efficient Structural Health Monitoring 

(SHM) techniques help to ensure continuous life-safety, 

functional and economical operation of these buildings. 

Prompt damage diagnosis of seismically vulnerable 

buildings is a current necessity in earthquake prone areas 

(Rainieri et al. 2011, Kong et al. 2016). 

The majority of the existing RC buildings in most of the 

eastern Mediterranean countries were designed and 

constructed according to older Codes with inadequate  
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seismic requirements regarding the provisions of modern 

Code Standards. Many of these structures have insufficient 

reinforcement, morphological problems such as soft storey, 

short columns, lack of strong RC walls, weak column 

strong beam frames, etc., and low quality of building 

materials. Apparently, the structural members of such RC 

buildings present weaknesses concerning their strength, 

ductility and stiffness in earthquakes (Tsonos 2002, Lagaros 

et al. 2006, Favvata and Karayannis 2009, Sharma et al. 

2012, Karayannis et al. 2013, Lima et al. 2017, Karayannis 

and Naoum 2018, Kalogeropoulos and Tsonos 2020). 

Seismic upgrading in this type of structures is essential in 

order to avoid sudden total or local collapses, excessive 

damages or even loss of life from earthquakes. However, 

proper strengthening works is a complex, highly labour 

intensive, time-consuming and usually expensive process 

that is difficult to be widely applied in the majority of the 

existing seismically vulnerable RC structures (Tsonos 2001, 

2008, Tsonos and Stylianidis 2002, Karayannis and Sirkelis 

2002, Karayannis et al. 2008, 2018, Vougioukas et al. 2005, 

Kalogeropoulos and Tsonos 2014, Tsonos et al. 2017, 

Kalogeropoulos et al. 2018, Chalioris et al. 2018, Ganesh 

and Murthy 2019, Kota et al. 2019, Kuntal et al. 2020). 

Recent developments in SHM techniques increased the 

efficiency of structural integrity assessment procedures and 

reduced the cost and the complexity in continuous real-time 

monitoring of large-scale structures. Modern monitoring 
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Abstract.  The effectiveness and the sensitivity of a Wireless impedance/Admittance Monitoring System (WiAMS) for the 

prompt damage diagnosis of two single-storey single-span Reinforced Concrete (RC) frames under cyclic loading is 

experimentally investigated. The geometrical and the reinforcement characteristics of the RC structural members of the frames 

represent typical old RC frame structure without consideration of seismic design criteria. The columns of the frames are 

vulnerable to shear failure under lateral load due to their low height-to-depth ratio and insufficient transverse reinforcement. The 

proposed Structural Health Monitoring (SHM) system comprises of specially manufactured autonomous portable devices that 

acquire the in-situ voltage frequency responses of a network of twenty piezoelectric transducers mounted to the RC frames. 

Measurements of external and internal small-sized piezoelectric patches are utilized for damage localization and assessment at 

various and increased damage levels as the magnitude of the imposed lateral cycle deformations increases. A bare RC frame and 

a strengthened one using a pair of steel crossed tension-ties (X-bracing) have been tested in order to check the sensitivity of the 

developed WiAMS in different structural conditions since crack propagation, damage locations and failure mode of the 

examined frames vary. Indeed, the imposed loading caused brittle shear failure to the column of the bare frame and the 

formation of plastic hinges at the beam ends of the X-braced frame. Test results highlighted the ability of the proposed SHM to 

identify incipient damages due to concrete cracking and steel yielding since promising early indication of the forthcoming 

critical failures before any visible sign has been obtained. 
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systems utilize the Electro-Mechanical Impedance (EMI) 

sensing method that has been proved as a promising 

technique for the continuous inspection and damage 

assessment of existing in-service infrastructures. EMI 

technique is distinguished by its capability of capturing a 

wide range of structural damage, implementation simplicity, 

no interruption to the service of the structure, availability of 

continuous on-line monitoring and use of low-cost 

Piezoelectric of lead Zirconate Titanate (PZT) transducers 

(Park et al. 2000, Na and Lee 2012). 

The attractive features of small size, wide bandwidth 

and dual function in sensing and actuating of the PZTs have 

recently been investigated in the field of SHM techniques 

(Kaur and Bhalla 2015, Vega et al. 2019, Shin and Oh 2009, 

Yang et al. 2010, Wang and Zhu 2011). EMI method is 

exploiting these merits along with the mechanical 

interaction between the PZTs and the infrastructure which 

host these piezoelectric transducers. Particularly, PZT 

actuators are excited by the application of an input 

harmonic voltage to mechanical vibration which is 

transmitted as a mechanical wave to the material of the 

structure under inspection due to the strong interfacial 

bonding characteristics. The mechanical response of the 

host structural member to this wave is received back from 

the PZT sensor feedback output electrical signal (Wang et 

al. 2013, Providakis and Liarakos 2014). 

Several researches have been conducted on RC using 

the EMI method with the majority of the work being 

focused on SHM and damage detection in plain concrete 

(Vega et al. 2019, Shin and Oh 2009, Yang et al. 2010, 

Wang and Zhu 2011, Wang et al. 2013, Providakis and 

Liarakos 2014, Narayanan and Subramaniam 2016, Ai et al. 

2016, Tian et al. 2017, Liu et al. 2017, Talakokula et al. 

2018, Ghafari et al. 2018) steel reinforcing bars 

(Karayannis et al. 2015, 2016), bond development at the 

steel-concrete interface (Tawie and Lee 2010, Xu et al. 

2013), steel fibre reinforced concrete (Kang et al. 2018) and 

RC members subjected to corrosion (Talakokula et al. 2014, 

Talakokula and Bhalla 2015) and monotonic loads 

(Karayannis et al. 2016, Soh et al. 2009, Song et al. 2007, 

2008, Divsholi et al. 2009, Hu et al. 2014, Divsholi and 

Yang 2014, Chalioris et al. 2015a, Voutetaki et al. 2016, Ai 

et al. 2018, 2019). Concerning the seismic risk, there are 

only a few published works that deal with the monitoring of 

shear and seismic compressive stress in concrete (Hou et al. 

2012, 2013), shaking table test of an one-bay-two-storey 

RC frame (Hou et al. 2017), the dynamic modeling of 

embeddable PZTs (Huo et al. 2017) and the damage 

assessment of seismically valuable RC members under 

dynamic loading or lateral imposed cyclic deformations 

(Bhalla S, Soh 2004, Laskar et al. 2009, Gu et al. 2010, 

Chalioris et al. 2015b, 2016, Zhang et al. 2018). 

Recently, a new PZT-based active sensing Wireless 

impedance/Admittance Monitoring System (WiAMS) has 

been developed by Providakis et al. (2014a, b, 2016). The 

control unit of this SHM system uses the low-cost, small-

sized and powerful single-board computer Raspberry PI. 

Autonomous portable WiAMS devices are cable connected 

with piezoelectric transducers that are properly mounted to 

the RC structural members in order to control the PZTs 

actuating/sensing functions from a distance and to perform 

real-time and continuous structural integrity assessment. 

Applications of the proposed SHM system in RC beams 

have shown promising results concerning its effectiveness 

to detect concrete cracking and steel reinforcing yielding in 

early damage levels (Karayannis et al. 2015, 2016, 

Chalioris et al. 2015a, 2015b, 2016, Voutetaki et al. 2016). 

The feasibility of the wireless PZT-based SHM system 

for concrete members proposed by Providakis et al. (2014a, 

b, 2014c, 2016) and experimentally validated by the authors 

in monotonically tested RC beams (Karayannis et al. 2015, 

2016, Chalioris et al. 2015a, Voutetaki et al. 2016) is further 

validated herein for the prompt damage diagnosis of 

seismically deficient single-storey single-span RC frames 

subjected to lateral cyclic loading. Dimensions and 

reinforcement configuration of the frames represent typical 

old RC frame structures which are vulnerable to brittle 

catastrophic failure during seismic excitations. Such 

structures usually appear typical shear character 

deficiencies due to the inadequate confining - transverse 

reinforcement and the short height of the columns. Damage 

localization and assessment at various and increased 

damage levels as the magnitude of the imposed cycle 

deformations increases is also attempted herein using the in-

situ voltage measurements of a network of PZTs that have 

been mounted to the frames using three different types of 

installation. 

The experimental program of this research includes two 

large-scale RC frame specimens; a bare frame (reference 

specimen) and an X-braced frame that has the same RC 

structural characteristics with the bare one and it has also 

been strengthened using a pair of steel crossed tension-ties. 

Thus, the damage propagation and the failure mode of the 

examined RC frames are expected to be varied. This way, 

the sensitivity of the proposed wireless monitoring system 

to detect, identify and quantify different types of induced 

damages at various locations and structural conditions 

would be checked. 

 

 

2. Orientation of the developed monitoring system 
 

The Structural Health Monitoring (SHM) system used in 

this experimental study is based on the Electro-Mechanical 

Impedance (EMI) sensing method utilizing the voltage 

signal measurements of a series of Piezoelectric of lead 

Zirconate Titanate (PZT) transducers mounted to the tested 

RC frames. The main aspects and the developed device of 

this integrated damage diagnosis technique are presented in 

the following subsections. 

 
2.1 Numerical simulation procedure 

 

EMI-based SHM methods utilize piezoelectric patches 

that are properly mounted to an infrastructure by robust 

bonding interface in order to operate as (a) actuators to 

vibrate the inspection area of the structure in terms of 

mechanical wave with high frequency excitations (converse 

piezoelectric effect), and simultaneously as (b) sensors to 

monitor the changes in their electrical impedance due to the 
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mechanical reaction wave, or else to the mechanical 

impedance of the structure (direct piezoelectric effect). 

The PZT transducers are compact, lightweight, small-

sized and exhibit excellent SHM characteristics, such as 

large range of linearity, self-sensing, fast response, low-

cost, high conversion efficiency and long-term stability. The 

following theoretical aspect is considered in the developed 

monitoring system. The voltage across the direction of the 

width axis of the PZT, Vpzt(t), is expressed as a function of 

time, t, of an input sinusoidal voltage signal: 

𝑉𝑝𝑧𝑡(𝑡) = 𝑉𝑝sin(2𝜋𝑓𝑡) (1) 

where Vp is the peak voltage of the signal and f is the 

frequency (Hz). 

The current signal of the PZT, Ipzt(t), is also expressed as 

a function of the current amplitude, Ip, and the time, t, 

shifted in phase φ of the sinusoidal signal: 

𝐼𝑝𝑧𝑡(𝑡) = 𝐼𝑝sin(2𝜋𝑓𝑡 + 𝜑) (2) 

The following expression analogous to Ohm's Law 

allows for the estimation of the impedance of the PZT, 

Zpzt(t), as a function of time, t: 

𝑍𝑝𝑧𝑡(𝑡) =
𝑉𝑝𝑧𝑡(𝑡)

𝐼𝑝𝑧𝑡(𝑡)
=

𝑉𝑝sin(2𝜋𝑓𝑡)

𝐼𝑝sin(2𝜋𝑓𝑡 + 𝜑)

= |𝛧|
sin(2𝜋𝑓𝑡)

sin(2𝜋𝑓𝑡 + 𝜑)
 

(3) 

The electrical impedance is also expressed in a complex 

notation by the following well-known Euler’s relationship: 

exp(𝑗𝜑) = cos𝜑 + 𝑗sin𝜑 (4) 

where 𝑗 = √−1. 

This way, since the frequency response of the voltage 

and the current of the PZT are: 

𝑉𝑝𝑧𝑡(𝑓) = 𝑉𝑝exp(𝑗𝜑) (5) 

𝐼𝑝𝑧𝑡(𝑓) = 𝐼𝑝exp(𝑗𝜑) (6) 

the frequency response of the electrical impedance Zpzt(f) is 

given by the following complex relationships: 

𝑍𝑝𝑧𝑡(𝑓) =
𝑉𝑝𝑧𝑡(𝑓)

𝐼𝑝𝑧𝑡(𝑓)
= 𝑅 + 𝑗𝑋 (7a) 

|𝑍| = √𝑅2 + 𝑋2 (7b) 

where R is the real component (conductance) and X is the 

imaginary component (susceptance): 

𝑅 = |𝑍|cos𝜑 (8a) 

𝛸 = |𝛧|sin𝜑 (8b) 

The developed SHM system also adopts the following 

simple circuit. A common signal generator produces an 

alternate current signal with frequency, f, and excites a 

resistor, Rf, which is connected in series with the PZT 

transducer. This circuit is an efficient methodology to 

measure impedance magnitude using the sinusoidal input 

voltage signal excitation, Vin(f), and measuring the peak 

value, Vp(f), of the output voltage signal of the PZT. It is also 

known that under a high frequency sinusoidal voltage signal 

the PZT behaves more or less as a capacitive system that 

tends to preserve negligible phase difference between 

voltage and current output signal. For this reason, the 

impedance amplitude can be evaluated by the expression: 

|𝛧(𝑓)| =
𝑉𝑝(𝑓)

𝐼𝑝(𝑓)
≅

𝑉𝑝(𝑓)

𝑉𝑖𝑛(𝑓)
|𝑍(𝑓)| + 𝑅𝑓

 
(9) 

Thus, the peak value Vp(f) is estimated by solving the 

previous equation as follows (Providakis et al. 2016): 

𝑉𝑝(𝑓) ≅
|𝛧(𝑓)|

|𝛧(𝑓)| + 𝑅𝑓
𝑉𝑖𝑛(𝑓) (10) 

This simple equation indicates that the output peak 

voltage signal of the PZT transducer dependents on the 

value of the impedance amplitude and, consequently, is 

directly related to the structural integrity status of the 

structure. It also allows for the implementation of rather 

simple and low-cost monitoring modulus with respect to the 

traditional complex impedance analysers. 

 

2.2 WiAMS device 
 

The developed WiAMS is an integrated SHM method 

that uses the voltage signal measurements of PZT 

transducers mounted to the RC structural member using the 

aforementioned aspect. It includes specially manufactured, 

portable and autonomous WiAMS devices, one for each 

PZT transducer that is consisted of multiple custom-made 

modules (Providakis et al. 2014a, 2014b). 

A low-cost, credit card sized and lightweight single-

board computer Raspberry PI has been implemented as the 

central control unit of the WiAMS device that 

communicates and controls the integrated circuit modules 

of the system using an open source Linux-based operating 

system. It also packs high computing power by an ARM 

processor, transfers data without the need of a base station 

and performs all sort of computing tasks, interfacing 

various sorts of devices and connecting to the internet via 

WiFi. Thus, the developed SHM system offers advanced 

characteristics such as remote control by a terminal 

emulator, email notifications of impending abnormal states 

and upload to web databases of the monitoring 

measurement results. Further, the low-cost of the WiAMS 

devices allows for synchronized real-time monitoring of a 

large-scale structure (Providakis et al. 2016). 

The WiAMS device is connected by two cables to the 

poles of a PZT patch mounted to the RC structure. The 

implemented PZT is first excited by a predefined and 

appropriate range of sinusoidal frequencies which is 

selected and controlled by the user via the Raspberry PI in 

order to successfully activate the transducer. The frequency 

response is generated by the signal generator module, which 

is then amplified and applied as an input voltage signal, 

Vin(f), to the PZT actuator. The peak detector module that is 

directly connected to the PZT detects its peak voltage 

response value. Right afterwards, the output voltage versus 
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frequency response of the PZT patch, which operates at the 

same time as sensor, is received and recorded by the 

WiAMS device. Conversely, the output voltage frequency 

response of the PZT, Vpzt(f), passes through the peak detector 

to measure the peak voltage value, Vp(f). Then, a custom-

made Analog-to-Digital Converter module is used to 

digitally measure the peak voltage and all the measured data 

are transferred to Raspberry PI in digital form and stored on 

it (Providakis et al. 2016). 

 

 

3. Testing of the RC frames 
 

The test project of this study includes two large-scale 

RC frame specimens (one bare and one X-braced) subjected 

to lateral full cycle deformations. 

 
3.1 Geometrical and reinforcement characteristics 

 

The examined RC frame subassemblages are single-

storey, one-bay frames. They are large-scale RC specimens 

with external dimensions 3.0 × 2.4 m, as shown in Fig. 1. 

The first specimen is the bare RC frame (un-strengthened 

frame used as reference specimen) and the second one is the 

X-braced one (strengthened frame with diagonal X-type 

steel elements as tension-ties). 

The application of diagonal steel braces in the openings 

of existing RC frames is a popular and a rather easy-to-

apply method for the local or global strengthening of RC 

frame structures that undergo to earthquake excitations. It 

has also been proven as an effective upgrading technique 

since it enhances the overall lateral performance improving 

strength, stiffness and energy dissipation capacity (Massumi 

and Absalan 2013, Liolios et al. 2017, Lian and Su 2017, Li 

et al. 2018,). The lateral response of braced RC frames 

presents similar favourable characteristics with the seismic 

performance of masonry infilled RC frames (Karayannis et 

al. 2005, Lima et al. 2014, Massumi et al. 2015) when 

compared to the behaviour of bare RC frames. However, the 

steel braced method is a more feasible strengthening 

technique since it requires less space and provides 

flexibility in architectural design since it is a non-invasive 

and reversible intervention. 

The geometrical and the reinforcement characteristics of 

the RC structural members of the frames are the same and 

represent a typical old RC moment-resisting frame structure 

in Greece that has been designed and constructed using past 

Code provisions without proper seismic requirements. The 

cross-sectional dimensions of the beam and the columns of 

the frames are 200 × 300 mm. The longitudinal reinforcing 

bars of the beam and the columns are 412 and 614 

(deformed steel bars, diameters in mm), respectively. The 

transverse reinforcement of all structural members consists 

of mild steel closed stirrups of 6 mm diameter uniformly 

distributed throughout their total length and 200 mm 

spacing (6/200 mm). Dimensions and reinforcement 

configuration of the RC structural members that compose 

both frames are illustrated in Fig. 1. 

The steel X-bracing system of the strengthened RC 

frame includes two rods of St46 structural steel with  

 

 

 
Fig. 1 Dimensions and reinforcement configuration of the 

structural members of the RC frames 

 

 

diameter of 16 mm that have placed diagonally inside the 

RC frame in X-type arrangement as shown in Fig. 2(a). 

These rods have been connected to the columns of the RC 

frame very close to the upper and lower joints of the frame 

using steel brackets and have been installed in order to 

operate only in tension (see also the detail in Fig. 2(a)). 

The shear ratio of the RC columns is low and equal to 

0.925 / 0.30 = 3.1 (> 2.5). Further, the ratio of the column 

net height to the maximum sectional dimension is 1.45 / 

0.30 = 4.8 (> 3). Although the columns are not strictly 

defined as “short”, these ratios are low. Further, the 

columns have wide spacing of stirrups along their entire 

height and, therefore, their transverse shear reinforcement is 

rather inadequate for cyclic lateral actions. Thus, all the 

aforementioned reasons make the columns of the RC frames 

vulnerable to shear failure during seismic excitations 

(Karayannis et al. 1994, Tsonos 2006, 2009, Chalioris and 

Bantilas 2017, Cavaleri et al. 2017, Asteris et al. 2019). 

Beam




































 

































Footing




































 




































































 




































































 

































Column

















loading

Cyclic





Beam

Column Column

Footing

32



 

Structural health monitoring of seismically vulnerable RC frames under lateral cyclic loading 

 
(a) Characteristics of the X-braced RC frame 

 
(b) Test rig and instrumentation of the cyclic test 

Fig. 2. X-braced RC frame and experimental setup 

 
 
3.2 Test rig of the lateral cyclic loading 

 

The RC frames have been subjected to the same lateral 

cyclic in-plane displacement-control loading in a rigid RC 

floor - wall testing area. Test rig and instrumentation are 

demonstrated in Fig. 2b. The footing of the RC frames was 

properly fixed to the rigid floor by bolts and nuts in order to 

prevent slip of the specimen. The load was imposed to the 

top corner of the RC frames using a double acting servo-

controlled hydraulic actuator fixed to the rigid wall of the 

laboratory with maximum capacity of 500 kN and 500 mm 

total stroke connected to an intermediate hydraulic control 

unit to ensure its smooth operation (Liolios et al. 2017). 

Displacements were measured via a number of digital 

strain gauges, positioned at different locations on the frame. 

Linear Variable Differential Transformers (LVDTs) and 

String Displacement Transducers (SDTs) were used. LVDTs 

were positioned on the top and bottom corners of the frames 

to measure the net in-plane horizontal displacements of the 

frame and on the opposite faces to measure any possible 

twisting or out-of-plane deformation of each frame. SDTs 

were positioned on the internal diagonals of the frames to 

measure the diagonal deformations. SDTs were also 

diagonally positioned on the upper beam-column joints of 

the frames to measure the shear deformations of the joint 

area. All measuring devices were placed in appropriate 

locations and connected to data logger for digital recording. 

 

Fig. 3. Locations and installation of the epoxy bonded PZTs 

on the steel longitudinal reinforcing bars of the columns of 

the tested RC bare frame 

 
 
3.3 Setup of the developed SHM system 

 

Structural integrity of the tested RC frames has been 

assessed using the piezoelectric active sensing wireless 

SHM system (WiAMS) described in section 2. Detection, 

localization and evaluation of the damages caused due to 

the imposed quasi-static cyclic loading is achieved using the 

voltage versus frequency responses of a network of PZT 

transducers that have measured through WiAMS portable 

devices. 

Thin and small-sized PZT patches with dimensions 10 

mm × 10 mm and material mark designation PIC 255 were 

used. Twenty (20) PZTs have been installed in the first bare 

frame and twenty-one (21) PZTs in the second X-braced 

frame as follows: 

• Eight (8) PZTs (denoted as “bar1”, “bar2”, etc.) have 

been epoxy bonded on the surface of the steel 

reinforcing bars of the columns at locations shown in 

Figs. 3 and 6(a) for the bare and the X-braced frame, 

respectively. 

• Six (6) PZTs (denoted as “SA1”, “SA2”, etc.) have 

been embedded inside the concrete mass of each frame 

specimen as “Smart Aggregates” at locations shown in 

Figs. 4 and 6(a) for the bare and the X-braced frame, 

respectively. 

• Six (6) PZTs (denoted as “X1”, “X2”, etc.) have been 

externally epoxy bonded to the concrete surface at the 

back face of the RC frames at locations shown in Figs. 5  
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Fig. 4. Locations and installation of the embedded PZTs 

inside the concrete mass of the RC bare frame as “Smart 

Aggregates” (SA) 

 

 

and 6(b) for the bare and the X-braced frame, 

respectively. 

• One (1) PZT (denoted as “X-S”) has been externally 

epoxy bonded to the diagonal steel rod of the RC X-

braced frame at location shown in Fig. 6(b). 

It is noted that the PZT transducers in cases (a) and (b) 

have been internally pre-installed before concrete casting, 

whereas in case (c) they have been bonded at the beginning 

of the test. 

Epoxy adhesive with a high shear modulus and small 

thickness has been used to bond the PZTs. A waterproof 

layer of the epoxy adhesive has also been applied on the top 

of each PZT in order to protect them during concrete 

casting and to avoid noise in their signal. 

Fig. 7 illustrates the test setup and the block diagram of 

the implemented wireless SHM system and the small-sized, 

autonomous and portable WiAMS devices during the cyclic 

loading procedure of the examined RC frames. 

 
3.4 Loading procedure 

 

The horizontal lateral load was imposed at the centroid 

axis of the beam in a displacement control mode with a rate 

of 0.2 mm/sec. The applied loading history includes five (5) 

increasing deformation steps at: (1) ± 1.0, (2) ± 3.5, (3) ± 

12.0, (4) ± 22.5 and (5) ± 45.5 mm with two equal imposed 

cycles (A and B) at each step, as presented in Fig. 8. The 

aforementioned imposed deformations correspond to storey 

drifts equal to: (1) ± 0.05, (2) ± 0.19, (3) ± 0.65, (4) ± 1.22 

and (5) ± 2.46 %, respectively. 

 

Fig. 5. Locations of the externally epoxy bonded PZTs at 

the back face of the RC bare frame surface 

 

 

4. Testing of the RC frames 
 

The performance of the tested RC frames under lateral 

cyclic loading and the ability of the developed SHM system 

to identify damages due to concrete cracking and steel 

yielding are detailed discussed in the following subsections. 

 
4.1 Bare frame 

 

The hysteretic response of the RC bare frame is 

presented in Fig. 8 in terms of imposed load versus 

horizontal displacement. Fig. 9 illustrates four photographs 

with the cracking patterns of the frame at the end of the 

2nd, 3rd, 4th and 5th loading step, which are the examined 

damage levels. It is noted that the first two loading cycles of 

the first (1st) loading step developed low stresses, very 

close to the elastic region of the structural members and 

therefore the bare frame remained practically undamaged. 

At the end of the 2nd loading step only slight and 

hairline flexural cracks occurred at the conjunctions of the 

beam and the columns. These cracks formed during loading 

and closed when unloading (see also Fig. 9(a)). When the 

RC frame subjected to the 3rd loading step more flexural 

cracks were propagated from the tip of the existing cracks 

and several new flexural cracks were generated at new 

locations and for both lateral loading directions. At the end 

of the 3rd loading step hairline diagonal cracks observed at 

both upper beam-column joints area (see also Fig. 9(b)). 

During the 4th loading step, as the applied load increased 

new flexural cracks developed, whereas the existing 

flexural cracks became wider (see also Fig. 9(c)). 

The major damage of the RC bare frame occurred at  
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displacement approximately 40 mm of the first positive 

cycle of the 5th loading step due to the development of a 

severe diagonal crack of the left column that caused brittle  

 

 

 

shear failure (see also Fig. 9(d)). It is noted that diagonal 

cracking was only visible immediately prior to fatal failure 

which caused a sudden reduction of the load capacity of the  

  

(a) Internal PZTs: Epoxy bonded on the steel longitudinal 

reinforcing bars of the columns and embedded inside the 

concrete mass as “Smart Aggregates” (SA) 

(b) External PZTs: Epoxy bonded on the concrete surface 

Fig. 6. Locations of the PZTs of the RC X-braced frame 

 

Fig. 7. Test setup of the used SHM system during the cyclic loading procedure of the examined RC frames (view from the top 

back face of the frame) 
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Fig. 8. Hysteretic response of the RC bare frame 

  
(a) End of loading step 2: Hairline flexural cracks at the 

conjunctions of the beam and the columns 

(b) End of loading step 3: Flexural cracks in beam and 

columns and hairline diagonal cracks in joints 

  
(c) End of loading step 4: Increased flexural cracking and 

slight diagonal cracks 

(d) End of loading step 5: Failure due to the brittle diagonal 

cracking of the left column 

Fig. 9. Cracking patterns and damages after each loading step - cycle of the RC bare frame 
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RC bare frame, as shown in the hysteretic response of the 

frame in Fig. 8. It is obvious that this failure occurred due to 

the combination of the low height-to-depth ratio of the 

column that corresponds to a rather short RC structural 

member and the inadequate transverse reinforcement, which 

results to low shear resistance, insufficient confinement and 

low ductility (Armaghani et al. 2019). 

Fig. 10 presents the results derived from the applied 

damage detection SHM procedure that is based on the 

voltage frequency response of the attached PZTs measured 

by the WiAMS devices during the cyclic test of the bare RC 

frame. The comparisons of the response of each PZT at the 

initial healthy state (baseline signal) with the corresponding 

response at every examined loading level (increasing 

loading step) that cause an increased damage level provide 

useful information concerning the structural integrity 

condition of the examined RC bare frame. 

 

 

The well-known statistically scalar damage index of the 

Root Mean Square Deviation (RMSD) is used for the 

evaluation of the damage severity in the examined RC 

frame: 

RMSD = √
∑ (|𝑉𝑝(𝑓)|D − |𝑉𝑝(𝑓)|0)

2
𝑁
1

∑ (|𝑉𝑝(𝑓)|0)
2

𝑁
1

 (11) 

where |Vp(f)|0 and |Vp(f)|D are the absolute values of the peak 

voltage signal measurements of the examined PZT at the 

healthy “baseline” condition (subscript 0) and at every 

examined damage level (subscript D) of the RC frame 

(damage level “1”, “2”, “3”, “4” and “5”), respectively, and 

N is the number of the measurements for a frequency index 

that ranges from 10 kHz to 260 kHz (Voutetaki et al. 2016, 

Chalioris et al. 2016). 

 

Fig. 10. Values of RMSD index evaluated from the voltage frequency response signals of the PZTs for different level οf 

loading/damage of the RC bare frame 
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Fig. 11. Comparison of the hysteretic responses of the tested RC frames in terms of load versus storey drift 

  
(a) End of loading step 2: Slight hairline flexural cracks in 

beam 

(b) End of loading step 3: Flexural cracks in beam and 

columns and hairline diagonal cracks in joints 

  

(c) End of loading step 4: Increased flexural cracking mainly 

in beam 

(d) End of loading step 5: Fracture of the steel X-braced rods, 

hairline diagonal cracks in columns and development of 

plastic hinges in beam 

Fig. 12. Cracking patterns and damages after each loading step - cycle of the RC X-braced frame 
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The RMSD values of every PZT at each loading step - 

cycle are presented in the curves of Fig. 10. Any damage 

occurred in the tested RC bare frame due to concrete 

cracking or/and steel yielding causes a change to the 

voltage signal measurements of the PZTs mounted to the 

region of the structural member close to the damage. The 

greater the damage, the greater the change in the voltage 

signals and, consequently, the greater the absolute value of 

the RMSD index. This way, RMSD value is used as a 

feasible damage index that provides a real-time quantitative 

assessment of damage during a seismic excitation. 

The values of RMSD calculated from the voltage 

frequency response signals of all the twenty (20) PZTs for 

the five (5) different levels of loading/damage shown in Fig. 

10 indicate a consistent increase. This trend confirms the 

increase of the damage due to the increase of the imposed 

lateral cyclic deformations (see also the cracking patterns of 

the RC bare frame in the photographs in Fig. 9). 

It is emphasized that the RMSD values of (a) the 

internally embedded PZT aggregate “SA6” and (b) the 

externally bonded PZT “X6”, which have been installed at 

the base of the left column (see also Fig. 10) exhibited 

maximum values and much higher values from the other 

PZTs during the 5th loading step, right after the 

development of the fatal shear diagonal cracking that has 

also been occurred at the base of the left column. 

On the contrary, negligible indication of damage derived 

by the RMSD values of the PZTs located far from the 

critical cross diagonal cracking of the left column. 

Further, promising early warnings of the forthcoming 

brittle failure are indicated from the high RMSD values of 

the external PZT “X6” at the 4th loading step, before there 

is any visible diagonal crack in the base of the left column 

and before the formation of the critical shear crack during 

the 5th loading step (see also Figs. 8, 9 and 10). 

 
4.2 X-braced frame 

 

The hysteretic response of the X-braced RC frame is 

presented and compared with the response of the bare one 

in Fig. 11 in terms of load versus storey drift ratio. Fig. 12 

illustrates four photographs with the cracking patterns of the 

X-braced frame at the end of the 2nd, 3rd, 4th and 5th 

loading step. The response in the first two loading cycles of 

the first (1st) loading step was nearly linearly elastic and the 

members of the frame remained practically undamaged. 

At the end of the 2nd loading step only slight and 

hairline flexural cracks occurred at the conjunctions of the 

beam. These hairline cracks formed during loading and 

closed when unloading (see also Fig. 12(a)). When the RC 

frame subjected to the 3rd loading step more flexural cracks 

were propagated from the tip of the existing cracks and 

several new flexural cracks were generated at new locations 

and for both lateral loading directions. Further, hairline 

diagonal cracks observed at both upper beam-column joints 

area (see also Fig. 12(b)). During the 4th loading step, as 

the applied load increased new flexural cracks developed, 

whereas the existing flexural cracks in the beam became 

wider (see also Fig. 12(c)). It is noted that the application of 

the steel crossed tension-ties prevented the development of 

extensive shear cracking in the columns of the frame and 

caused a substantial increase of the loading bearing capacity 

of the strengthened specimen with regard to the cracking 

and lateral response of the bare one (see also Fig. 11). 

The critical damage of the X-braced frame occurred at 

displacement equal to approximately 35 mm of the first 

positive cycle of the 5th loading step due to the fracture of 

the first steel tension tie that caused a sudden reduction of 

the load (see also Fig. 11). The second tension tie fractured 

at the right next opposite loading direction of the same 

cycle. During the 5th loading step two distinct plastic 

hinges have also been formed in both end regions of the 

beam, very close to the beam-columns conjunction (see also 

Fig. 12d). The quite different failure mode of the X-braced 

frame with regard to the failure of the bare one reveals that 

the use of the strengthening system succeeded to improve 

the response by preventing the shear failure of the column. 

Fig. 13 presents the values of the RMSD damage index 

of every PZT at each loading step - cycle. The RMSD 

values have been calculated from the voltage frequency 

signals of all the twenty-one (21) PZTs mounted to the X-

braced RC frame for the five (5) examined damage levels. 

The curves of Fig. 13 indicate that the RMSD index can 

reflect the damage deterioration quantitatively since RMSD 

values increase gradually as the damage of the tested frame 

growths. Further, the RMSD values of the embedded smart 

piezoelectric aggregates “SA2” and “SA3” which have been 

installed at the end regions of the beam, very close to the 

beam-columns conjunction (see also Fig. 10) exhibited 

higher values from the other PZTs during the 3rd and the 

4th loading step, respectively. It is noted that during these 

loading steps extensive flexural cracking has been 

developed in these areas and two plastic hinges have finally 

been formed in both end regions of the beam. Thus, it is 

concluded that the PZTs located in the vicinity of the severe 

cracks are more sensitive and register greater changes, or 

else higher RMSD values, compared to the distant PZTs. 

Similar remarks are also derived from the results of the PZT 

“X-S” that has been externally bonded to the diagonal steel 

tension-tie. The fracture of the tension-tie has been 

observed at the first cycle of the 5th loading step, whereas 

steel yield occurred at the 4th loading step. The significant 

increase of the RMSD value of the PZT “X-S” at this 

loading step reveals the damage occurred in the steel due to 

yielding and can be used as a warning of the forthcoming 

fracture. 

Concerning the PZTs that have been epoxy bonded on 

the surface of the steel reinforcing bars of the columns, 

since the longitudinal reinforcement of the columns did not 

yield (in both frames), the RMSD values of these PZTs 

showed rather slight increases during the tests. These 

increases are mainly related to the local concrete cracking 

that has been developed in the regions near the location of 

these PZTs. 

 

4.3 Effectiveness of the proposed SHM method 
 

Four types of PZT installations have been examined: (a) 

Epoxy bonded PZT patches on the surface of the steel bars 
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of the columns located inside the frame specimens (pre-

installed before concrete casting), (b) embedded PZTs 

inside concrete as “Smart Aggregates (SA)” (pre-installed 

before concrete casting), (c) externally epoxy bonded PZTs 

to the concrete surface and (d) externally epoxy bonded 

PZTs to the diagonal steel rod of the RC X-braced. The 

experimental results reveal the differences between them. In 

terms of applicability it is obvious that only externally 

surface bonded PZT patches can be applied in existing RC 

structures. Further, the quantitative assessment of damage 

by integration with the EMA-based RMSD indices of the 

embedded SA at each cyclic loading step that corresponds 

to different damage level has been achieved with 

satisfactory accuracy in the tested RC frames. 

On the contrary, the damage sensitivity can hardly be 

distinguished using the RMSD values of the epoxy bonded 

PZTs on the surface of the steel bars. This observation could 

be justified by the fact that steel yielding occurred on the 

bars of the beams whereas the reinforcing bars of the  

 

 

columns with the PZT patches remained on the elastic 

stage. 

The effectiveness of the proposed SHM method to 

damage identification significantly increases by the 

application of a network of PZT patches arrayed in the 

critical regions of the structural members of the examined 

RC frames. Although the voltage signal measurements of 

individual PZTs in terms of RMSD index values provide 

slight or even questionable indications of damage, the 

implementation of a PZT network offer a reliable diagnosis 

of the severity of damage. 

The promising results of this experimental study are 

focused on the ability of the developed monitoring system 

to provide early indications of incipient diagonal cracking 

before the formation of the critical shear failure. Further, the 

portable, low-cost and self-sensing features of the used 

WiAMS devices allow to consider the proposed PZT-based 

SHM technique for practical and wide applications in real-

life RC structures in seismically prone regions. 

 

Fig. 13. Values of RMSD index evaluated from the voltage frequency response signals of the PZTs for different level οf 

loading/damage of the RC X-braced frame 
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5. Conclusions 
 

An experimental investigation of the effectiveness of a 

wireless PZT-based monitoring system for the prompt 

damage diagnosis of seismically deficient RC frames 

subjected to cyclic deformations has been presented. Two 

large-scale single-storey single-span RC frames have been 

tested under lateral cyclic in-plane displacement-control 

loading. The following conclusions can be drawn within the 

scope of this study: 

• The geometrical and reinforcement characteristics of 

the RC structural members of the frames represent 

typical old RC moment-resisting frame structure without 

consideration of seismic design criteria. The columns of 

the frames are vulnerable to shear failure under 

horizontal load due to their low height-to-depth ratio 

and inadequate transverse reinforcement (stirrups). 

• A bare RC frame and a strengthened one using a pair 

of steel crossed tension-ties (X-bracing) have been 

examined and hence different crack propagation and 

failure modes have been observed. The bare frame failed 

suddenly due to the shear cross diagonal cracks 

developed in the base of the column, as designed and 

expected. On the contrary, the X-braced frame exhibited 

improved cracking and hysteretic response since the 

columns remained more or less undamaged and two 

distinct plastic hinges have been formed in both end 

regions of the beam, very close to the beam-columns 

conjunction. 

• The structural integrity of the examined RC frames has 

been monitoring during cyclic testing using the 

developed autonomous portable WiAMS devices 

connected with a network of twenty PZT transducers 

properly mounted to the structural members of the frame 

specimens. Damage assessment at five different damage 

levels has been performed using the voltage signal 

measurements of each PZT and the calculated RMSD 

index values. Test results indicated that RMSD index 

increases gradually with increasing of the damage 

occurred due to concrete cracking or steel yielding and 

can effectively quantify the damage severity at various 

locations and structural conditions. 

• PZT transducers located in the vicinity of the intense 

cracking are more sensitive providing cogent evidence 

of damage as conducted by the RMSD index values. 

Further, satisfactory detecting ability on local damage 

can be achieved by the implementation of a network of 

PZT patches and the developed EMA-based SHM 

system. Promising indications of incipient damage 

identification and prior critical failure warning before 

any visible sign have also been revealed. 
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