
Ain Shams Engineering Journal 15 (2024) 102457

Available online 1 September 2023
2090-4479/© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Parametric analysis of RSB sensors for concrete strength monitoring using 
hybrid EMI and WP techniques: Numerical investigation 
Moinul Haq a,*, Adnan Khan a, Tabassum Naqvi a, Mohammad Yusuf b,*, Hesam Kamyab c,d,e, 
Shreeshivadasan Chelliapan f,* 

a Department of Civil Engineering, Zakir Husain College of Engineering and Technology, Aligarh Muslim University, Aligarh 202002, India 
b Institute of Hydrocarbon Recovery, Universiti Teknologi PETRONAS, Bandar Seri Iskandar, Perak 32610, Malaysia 
c Faculty of Architecture and Urbanism, UTE University, Calle Rumipamba S/N and Bourgeois, Quito, Ecuador 
d Department of Biomaterials, Saveetha Dental College and Hospital, Saveetha Institute of Medical and Technical Sciences, Chennai 600 077, India 
e Process Systems Engineering Centre (PROSPECT), Faculty of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, Skudai, Johor, 
Malaysia 
f Engineering Department, Razak Faculty of Technology & Informatics, Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia   

A R T I C L E  I N F O   

Keywords: 
Structural health monitoring (SHM) 
Electro-mechanical impedance (EMI) technique 
Wave propagation (WP) technique 
Piezo sensors 
Finite element (FE) modelling 
Reusable smart bolt 
Design and optimization 

A B S T R A C T   

The strength of concrete after its casting increases with time up to a certain limit due to continuous hydration 
reactions in the cement matrix. To measure the rate of strength development and ultimate capacity of concrete, a 
novel health monitoring method using Reusable smart bolt (RSB) piezoelectric sensor is proposed in the present 
paper. The smart piezoelectric Lead zirconate titanate (PZT) patch-based Electro-mechanical impedance (EMI) 
and Wave propagation (WP) techniques are utilised for accessing the health of concrete at 1, 3, 5, 7, 14, 21 & 28 
days of concrete hydration. Firstly, the PZT patch-based sensing capabilities are validated with the experimental 
results from literature by modelling concrete cube for EMI and beam for WP results. Then, a total of 31 finite 
element models of concrete cubes having different RSB configurations were taken into consideration for sensor 
design and optimization. In EMI technique, the shifting of conductance signatures and relative resonance fre-
quency are measured, whereas in WP technique, the shift of P-wave velocity peaks between actuator and sensor 
is estimated for all the models. The sensitivity of outputs is measured by plotting statistical Root mean square 
deviation (RMSD) index which proven the efficacy of employing RSB sensors for monitoring concrete strength- 
development during early-hydration ages with good correlations. Overall, the EMI-identified RMSD plotted for 
conductance shows 327 % more sensitivity than WP-identified relative change of P-wave velocity in monitoring 
concrete strength development using RSB sensors.   

1. Introduction 

To assure structural integrity and safety, Structural health moni-
toring (SHM) intends to develop automated systems for detecting and 
estimating damages in structures. An effective SHM system can diagnose 
damages in real-time conditions using measured strains, stresses, pres-
sures, temperature variations etc. It mainly comprises three parts: a 
sensor, a data-processing system (which includes data gathering, 
transmission, & storage), and a health prognosis system (which includes 
diagnostic tools and data management). Beside damage prognosis, 
monitoring the rate of strength development during hydration stages in 
fresh and hardened concrete is essential to dodge the structural failure 

conditions. These failure conditions may occur due to non-attainment of 
design concrete strength at particular age because of bad workmanship, 
incomplete hydration, corrosion or de-bonding of steel rebars, shrinkage 
cracking. Estimating the real-time concrete strengths during very-early 
(0–1 day after casting), early (1–28 days), and later (more than 28 
days) hydration stages ensure safety while predicting remaining life of 
structure in working conditions. Nowadays, sensors made up of smart 
materials such as fibre optic sensors [1,2], piezoelectric sensors [3,4], 
magneto-strictive sensors [5,6], shape memory alloys [7,8], acoustic 
emission sensors [9,10], self-diagnosing fibre-reinforced structural 
composites [11,12], magneto-rheological fluids [13,14] have shown 
tremendous capabilities in sensing various mechanical characteristics 
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pertaining to the structural health. One of them, the piezoelectric ma-
terial based smart ceramic patches made of Lead Zirconate Titanate 
(PZT) has gained attraction for diagnosing the health of civil structures 
in last two decades. 

PZT sensors emerge as an active-sensing method based on detecting 
Electro-mechanical impedance (EMI) or elastic Wave propagation (WP) 
responses. A number of methods have been put forth to draw the PZT- 
structure interaction generally [15–23]. The static approaches were 
the initial efforts, followed by the various dynamic approaches 
demonstrated by various researchers. Crawley and Luis [15] presented 
static evaluations for several piezoelectric actuator models that led to 
comprehensive analytical solutions. Both completely bonded and finite 
bonding layer models for the surface-bonded instances were given and 
compared analytically and experimentally. A basic model by Liang et al. 
[24], having PZT actuator-driven 1-D spring-mass-damper system, was 
used in coupled analysis that demonstrated estimation of actuator power 
consumption and energy flow in coupled electro-mechanical systems. A 
system-identification model of piezo actuators for induced-strain exci-
tation of 2D active structures was presented by Zhoe et al. [25] which 
acted as an improvement over 1-D model. Bhalla and Soh [26] proposed 
a further adjustment and enhancement in modelling by including the 
definition of effective impedance while taking into account the force 
transfer distribution throughout the whole boundary of the PZT patch. 
Based on the effective impedance, Wang et al. [27] developed a 3D EMI 
model that describes the interaction between an implanted square PZT 
transducer and the host structure. In EMI technique, a PZT patch 
attached to a structure is driven by a fixed, alternating electric field at 
higher frequency, causing a slight deformation in the PZT patch and the 
associated structure. The electrical reaction to mechanical vibration of 
that local region is transmitted back to the same PZT patch. The elec-
trical impedance response changes when a crack or other damage alters 
the mechanical dynamic response. Therefore, by measuring the elec-
trical impedance of the PZT patch, structural health can be indirectly 
monitored. On the other side, in WP technique, an ultrasonic elastic 
wave was propagated from the PZT patch acting as an actuator. The 
initial peak’s amplitude and time of arrival were noted and examined for 
another PZT patch acting as sensor. It is noted that a larger region can be 
monitored with an elastic wave-based technique than with an 
impedance-based one. Some other piezo sensors-based techniques 
include global dynamic technique, frequency response spectrum anal-
ysis, and model-shape based analysis. Apart of these piezo based tech-
niques, some other concrete strength monitoring methods includes 
rebound hammer method, ultrasonic pulse velocity technique, core- 
drilling methods, nail-shooting method, pull-out and pull-off methods 
[4]. 

Besides the conventionally used direct surface-bonded and 
embedded configurations of PZT patch for concrete health monitoring, 
there are various indirect reusable attachments such as magnetic 

attachment, smart probe, bolted attachment used by researchers in the 
past studies [28–31]. The capacity of the PZT patch to be used repeat-
edly is referred to as “reusable”. A Reusable smart bolt (RSB) sensor (i.e., 
PZT patch indirectly attached to substrate through an additional steel 
bolt attachment), contrary to directly attached sensors which is made for 
single-use applications, may be detached or teared out from one sub-
strate after a measurement and reattached to another substrate or at new 
location of the same for additional measurements. Due to its reusability, 
it can be used to monitor concrete strength development in a variety of 
situations without the requirement for costly sensor replacement. Uti-
lising modified RSB configurations may increase the effectiveness of 
SHM, as additional indirect attachment acting as a protective device for 
PZT patch is not in direct contact with harsh concrete environment. 
Moreover, additional attachment enables simple installation and 
removal of patches without causing damage which may open the doors 
for its effective utilisation in actual concrete structures on a larger scale. 
However, on contrary, in some cases steel bolts of RSB sensors may 
experience fatigue, corrosion and other degradations that can compro-
mise structural integrity and fluctuates the results. To overcome these 
limitations and avoiding unnecessary errors in output signals, conditions 
of steel bolts and PZT patch should be checked at regular intervals. Fig. 1 
shows labelled diagram of direct and indirect configurations of PZT 
patch bonded to concrete cube for SHM. 

Various experimental studies to obtain the PZT patch based EMI and 
WP responses at different time of concrete hardening were demonstrated 
by researchers [32–38]. Wang and Zhu [36] uses asphalt lacquer coating 
to PZT patch to safeguard water contact while diagnosing concrete’s 
strength gains during its curing duration. The Root-mean square devi-
ation (RMSD) & Mean-absolute percentage deviations (MAPD) were 
correlated with strength gain to find the feasibility of EMI technique. 
Apart of evaluating impedance changes, the resonant frequency shifts of 
impedance peaks were monitored and correlated with elastic modulus of 
concrete during curing by Guo and Sun [37]. Later, Talakokula et al. 
[35] investigated the PZT patch-identified Equivalent structural pa-
rameters (ESPs) using EMI technique and found that stiffness and 
damping has better correlations with degree of hydration than RMSD. 
The successful application of PZT patch based WP techniques for con-
crete hydration monitoring was discussed by [20,39–41]. In a recent 
experimental study by Tang et al. [20], linear correlation was proposed 
between EMI and WP outputs for embedded PZT patch-based concrete 
strength development monitoring during hydration. Previously, the 
practical issues regarding concrete curing monitoring using WP tech-
niques were discussed by [42]. In their study, it was concluded that a 5- 
peak sinusoidal tone burst actuated at 30–120 kHz as input signal with 
smooth & even patch bonding surfaces having 90 mm spacing between 
PZT transducers should be preferred for prominent results. 

Despite having many experimental studies, due to the anisotropic 
nature of concrete, inhomogeneity, and other difficulties that are readily 

Fig. 1. PZT patch bonding configurations used for monitoring health of concrete host.  
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caused during the concrete manufacturing process, the disparity in 
experimental testing outputs may be observed [43–45]. To understand 
the non-repeatable nature of PZT’s output in case of concrete, various 
analytical studies were demonstrated for estimating strength gain dur-
ing hydration phase [17,46–49]. The Finite element analysis (FEA) of 
PZT-structure interaction allows the computation of stresses and electric 
field distributions for different input conditions. It results in instanta-
neous evaluation of material characteristics and optimization of sensors 
parameters while dodging the difficulties arises during experimentation. 
In recent times, FEA also emerges as a potential tool for the EMI and WP 
technique simulations [50,51]. In the instance of EMI, numerical anal-
ysis was thought to be more effective and reliable than theoretical 
modelling [52]. Many studies proven SHM predictions effective using 
coupled field element analysis [27,49,53–55]. By simulating intricate 
geometry under critical loading conditions, numerical analysis allows a 
better understanding of the impedance effect. The dynamic interaction 
between strain-induced actuator & host structure was demonstrated by 
[1,51,56]. In an study by [57], it had been proven that numerical 
analysis based admittance approach outperforms the static and dynamic 
approaches. The EMI simulation for both free piezoelectric sensor and 
one-dimensional beam structure attached with the sensor showed 
closeness of numerically-obtained impedance signatures with the 
experimental ones [51]. Semi-analytical approaches that includes 
extracting eigenvalue and eigenvectors from numerical approach and 
then using them later in finding results of mechanical impedance was 
also demonstrated by [58]. The PZT FE-model based on the concept of 
’effective impedance’ was established to bridge the gap between 1-D and 
2-D modelling [17]. In an another study, coupled field analysis was 
performed in ANSYS software by taking six damaged cases of concrete 
cube [59] while assuming it to be isotropic. The spectrum didn’t follow 
the same trend as that of the experimental one. However, the deviations 
in RMSD value of the PZT patch attached near the damage area were 
higher. It was also observed that longitudinal mode impedance was less 
sensitive as compared to lateral mode. 

The effect of adhesives can’t also be fully neglected. Due to the shear- 
lag effect, the adhesive bond layer in between also has a significant 
impact on stress–strain transmission. A comprehensive derivation (semi- 
analytical) to include the shear-lag effect into impedance genesis, 
assuming pure shear deformation of the bonding layer was given by 
Bhalla and Soh [60] and was numerically modelled to study the 
stress–strain transfer mechanism by Moharana and Bhalla [61]. Ac-
cording to their parametric investigation, using a greater shear-modulus 
and a thin bond layer ensures precise strain transformation. Some au-
thors analyzed the configuration considering this layer with host ma-
terial as a spring-mass damper systems in their study [62–64]. Despite 
having various experimental studies on concrete hydration monitoring, 
very few have been conducted via. EMI and WP techniques. The PZT- 
concrete interaction during strength development phase of hydration 
is not known numerically, especially for different higher excitation 
frequencies. No study considering reusable smart bolt configuration for 
monitoring concrete strength during its hydration phase has been per-
formed till date. Also, the optimization of the sensor’s design has not 
been done yet for strength monitoring. 

The research gaps stated above are been bridged in the present 
paper. At present, the integration of PZT patch-based WP and EMI ap-
proaches with monitoring the development of concrete strength is made 
due to its complementary nature. While WP technique offers insights 
into wave reflections and attenuation, suggesting the existence of flaws 
or changes in material characteristics, EMI enables the identification of 
continual interior structural changes, such as due to stiffness enhance-
ment during hydration. Combining these methods gives engineers a 
more thorough understanding of how concrete develops its strength in 
real-time scenarios, enabling them to take proactive measures to protect 
the concrete’s structural integrity and long-term durability. The nu-
merical investigations are made to examine how the EMI & WP tech-
niques can be used to measure the compressive strength of concrete in 

early ages of hydration (i.e., from day 01 to day 28). Firstly, the vali-
dation of results with experimental values is made. Then, the efficacy of 
RSB sensor has been investigated for monitoring the strength develop-
ment. The novelty arises in proposing design, modelling and analysing 
different types of reusable smart piezo bolts in order to extract the EMI 
and WP based outputs that are helpful for monitoring early-age concrete 
strength development. In comparison to studies carried out using direct 
PZT patch configurations for concrete strength monitoring and dis-
cussed in literature, the indirect configurations utilizing RSB sensors 
features low-cost, reusable and more effective SHM solution for concrete 
structures. Their designs are also optimized by evaluating the sensitivity 
of conductance signature using various statistical indices. The re-
lationships and calibration charts are also proposed with higher accu-
racy for correlating the development of concrete’s strength with RSB 
outputs. The forthcoming sections explore the theoretical-background 
and modelling perspectives of EMI & WP techniques present used in 
paper for SHM. 

2. Theoretical background 

In EMI technique, a PZT patch (bonded to host) is enforced by 
electric-voltage signals in user-defined frequency ranges to create me-
chanical strain. The structural responses, as of mechanical-strain in the 
substrate, is transformed back to the PZT patch through the electrical 
signals, in the form of impedance (or, inverse of it known as admittance) 
signatures. The EMI signature connects itself to the elastic properties of 
the host, which serves as a benchmark for strength assessment. It means 
that if the signature diverges from the baseline, there has been any phase 
diversification in the host material in vicinity of the sensor. Any varia-
tion in the physical characteristic of the host alters the obtained 
impedance response, which are matched to the pristine stage response 
for estimating the health. 

Subsequent to its discovery by Liang et al. [16,65] in 1996, the EMI 
technique proves itself as a prominent SHM solution for civil & indus-
trial infrastructure, as well as for medical sectors in last two-decades 
[66–68]. The Electro-mechanical admittance (Ȳ), in form of its real 
component termed as conductance (G), and an imaginary component 
termed as susceptance (B), is denoted mathematically as in Eq. (1) [68], 
Ȳ = G + jB

= 4ω
l2

h

[
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2d2
31ȲE
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(1) 
where, l & h refers to the half-length & thickness of PZT patch, ν be 

the Poisson’s ratio, d31 is piezoelectric strain coefficient in d-31 mode of 
operation, ω is the angular frequency, ε̄T

33 (= εT
33(1 − δj)) & ¯YE (= YE(1+

ηj)) refers to complexed electrical-permittivity and complex Young’s 
modulus with η and δ be mechanical & dielectric loss factor of PZT patch, 
j =

̅̅̅̅̅̅̅

−1√ , C1 & C2 be the PZT related correction factor, k =
w ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅p(1 − v2)
√

/YE be the two dimensional-wave number, ρ be the PZT 
density, and Za,eff & Zs,eff be the effective-mechanical impedance of PZT 
patch & substrate respectively. On the other side, the mechanical/ 
structural impedance is defined as the push given per unit resultant 
velocity & is estimated as a function of stiffness, mass, damping (k-m-c). 
In present study, the two different statistical indices i.e., Root mean 
square deviation (RMSD) index, & Relative resonant frequency (RRF) 
shift are taken into consideration for estimating the changes in G-sig-
natures output with strength development of concrete. Mathematically, 
RMSD and RRF for conductance peaks can be represented as by Eqs. (2) 
and (3). 
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RRF = Peak frequency at nth day

Peak frequency at day − 01(baseline) (3) 

where, Gu
i is conductance peak under investigation, Gref

i corresponds 
to the peak taken as reference/baseline for ith model. 

Apart of EMI technique, the WP technique holds the same working 
principle as of ultrasonic nondestructive testing indicator measuring 
Ultrasonic pulse velocity (UPV) while utilizing two or more PZT trans-
ducers for studying the wave characteristics passing through the sub-
strate. The WP approach was first designed to detect damages in metallic 
components [69]. It was then expanded to include damage measuring 
[70], hydration monitoring [28,41], and structural concrete strength 
monitoring [71–73]. In WP technique, one PZT patch acts as an actuator 
whereas the other remaining patches acts as sensors that receives the 
transferred mechanical vibrations and generates the output in form of an 
electrical signals. There are two components to the wave propagation 

definitions. The wave’s voltage excitation signal is the first component. 
The excitation signal, denoted by Eq. (4), is a 5-cycle sine-burst modu-
lated by a Hanning window with A = 100 V, f = 100 kHz, and N = 5 are 
the appropriate values. 
E = A[1 − cos(2f πt/N) ]sin(2f πt)[t < (N/f ] (4) 

where, f, N, and A be the central frequency, peaks-count, & half 
voltage amplitude respectively. The upper surface of second PZT is 
attached to the second component, the wave observation probe. 

In case of the PZT transducer attached to concrete host, these vi-
brations are transferred to the concrete matrix in the same way as in the 
EMI-PZT technique through the adhesive layer. Likewise, WP technique 
solves the issue of utilizing this technique on the concrete before loos-
ening of its plasticity. For this reason, the method offers continuous 
hydration monitoring in early and later stages of setting in real-time 
conditions. It is expected that when the PZT transducer is surface- 
bonded on thick concrete structure, it will primarily excite surface- 
waves (Rayleigh wave), also called R-wave. The R-wave spreads along 
the concrete’s surface and progressively drops in strength with depth 
from the surface. Simultaneously, a pressure wave also called P-wave -
with a superior velocity will be stimulated. The R- & P- waves will 
spherically move all across the medium. The elastic vibration will be 
changed back to electrical signals when it reaches another patch that 
functions as a sensor, owing to the direct piezoelectric action. Time-of- 
Flight (TOF), which is the time elapsed between the P- or R- wave 
transmission from actuator to arrival at the sensing transducer is esti-
mated. As the concrete gain stiffness, wave propagation is affected and is 
reflected in the form of change in amplitude of wave and TOF. Gu et al. 

Table 1 
Parameters considered for model updating of concrete at different curing age.  

Age 
(Days) 

Elastics modulus 
(GPa) 
[76,77] 

Density (kg/ 
m3) 
[78] 

Poisson’s 
ratio 
[79] 

Relative 
permittivity 
[76] 

01  12.91  2384.8  0.296  7.63 
03  20.78  2392.6  0.287  7.28 
05  26.96  2401.8  0.264  6.20 
07  30.81  2410.1  0.251  5.01 
14  32.32  2442.8  0.238  4.15 
21  35.34  2469.1  0.236  3.34 
28  38.30  2494.9  0.235  7.68  

Table 2 
Electrical and mechanical characteristics of PZT patch, epoxy and concrete.  

Properties Materials 
PZT-5H Epoxy Concrete cube 

Density, ρ (kg/m3) 7800 1250 2380 
Dimensions (mm3) 20 × 20 × 1 20 × 20 × 0.3 150 × 150 × 150 
Elastic modulus, E (GPa) 63 4 12.91 
Poisson ratios, ν 0.35 0.36 0.20 
Dielectric loss factor, δ 0.02 – – 

Isotropic loss factor, η 0.0169 0.05 0.03 
Relative permittivity, er 

⎡

⎣

1730 0 0
0 1730 0
0 0 1700

⎤

⎦

3.6 8.0 

Elasticity matrix, CE (Pa), ⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

1.24e11 7.51e10 7.50e10 0 0 0
7.51e10 1.24e11 7.50e10 0 0 0
7.50e10 7.50e10 1.09e11 0 0 0

0 0 0 2.10e10 0 0
0 0 0 0 2.10e10 0
0 0 0 0 0 2.25e10

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

– 
– 

Piezoelectric constants, d (C/N) ⎡

⎣

0 0 0 0 5.84e − 10 0
0 0 0 5.84e − 10 0 0

−1.71e − 10 −1.71e − 10 3.74e − 10 0 0 0

⎤

⎦

– 
–  

Table 3 
Classification of bolt prototypes with dimension details considered in FE study.  

Prototype-I 
Hexagonal head Bolt 

Prototype-II 
Hexagonal head Bolt and washer 

Prototype-III 
Squared head Bolt 

Top View Isometric View Top View Isometric View Top View Isometric View 
s = 16 mm, k = 6.40 mm 

(Specifications by ISO-4017) 
s = 16 mm, k = 6.40 mm 
D = 44 mm, d = 10 mm, t = 1.5 mm 
(Specifications by ISO-4017) 

s = 16 mm, k = 6.40 mm 
(Specifications by ISO-2585)  
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[71] proved the WP technique’s capacity to track concrete strength 
development. Song et al. [74] carried out numerical and experimental 
demonstrations to reveal that a surface-bonded piezoelectric transducer 
system in concrete structures can generate and receive surface-wave 
propagations. Based on the FE analysis, it was concluded that piezo-
electric actuator generated surface-waves can be easily recognized at 
significantly farther distances. Qin and Li [75] showed that the WP 
technique may be used as in-situ conditions with transducers embedded 
to monitor the hydration phenomenon at early-ages, as well as the 
health-condition of a concrete building after maturation. The hydration 
progress of cement was monitored using velocities estimations which 
were then used to compute the dynamic modulus of concrete. 

On the other side, Finite element modelling (FEM) makes early idea 
evaluations simpler and reduces the need for and supply of physical 
prototypes. It also permits tests of a device’s functionality and behaviour 
that are not possible in the real world. The best ideas for further study 
may be chosen much more easily with FEM. For instance, a superior RSB 
configuration would be considered for future experimental research out 
of the 31 variations examined in this article. From adopting one from the 
multiple ideas, it assists the researcher to make decisions-based design 

Table 4 
Nomenclature for different dimensions of bolt arrangement in RSB used for 
parametric study.  

Dimension (mm) Prototype I Prototype II Prototype III 
l 35 PI-L35 PII-L35 PIII-L35 

70 PI-L70 PII-L70 PIII-L70 
100 PI-L100 PII-L100 PIII-L100 

k  3.4 PI-H3.4 – PIII-H3.4 
4.4 PI-H4.4 – PIII-H4.4 
5.4 PI-H5.4 – PIII-H5.4 
6.4 PI-H6.4 – PIII-H6.4 

d 8 PI-D08 – PIII-D08 
10 PI-D10 – PIII-D10 
12 PI-D12 – PIII-D12 
14 PI-D14 – PIII-D14 

t 1.5 – PII-WT1.5 – 

2.5 – PII-WT2.5 – 

3.5 – PII-WT3.5 – 

D 44 – PII-WD44 – 

49 – PII-WD49 – 

54 – PII-WD54 –  

Fig. 2. Meshing of free and combined models of RSBs with concrete cubes (a) PI, (b) PII, and (c) PIII.  

Table 5 
Meshing statistics of FE concrete cube models with RSB considered in study.  

Method Configuration Minimum element quality Average element quality Tetrahedron Triangle Edge element 
EMI technique PI-L35 (half model)  0.1498  0.6723 56,920 6178 531 

PII-L35 (half model)  0.1418  0.6723 61,030 7419 648 
PIII-L35 (half model)  0.1559  0.6692 56,477 6114 531 

WP technique PI-H6.4 (full model)  3.533E-5  0.6329 42,791 5691 724  
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on the information received as output from FEM. The development of 
concrete strength can be assigned by model-updating using the concrete 
properties at respective curing day from literature. At present, the 
strength evolution in concrete has been simulated by updating the 
density, Poisson’s ratio, relative permittivity and elastic moduli of 
concrete with curing age as illustrated in Table 1 [76–80]. The con-
crete’s compressive strength in its hydration phase is correlated to 
elastic moduli using Eq. (5) as adapted by [77] for various density 
depicted in Table 1. 
E = 43ρ1.5f 0.5

c (5) 
where, ρ, E, and fc be the concrete’s density, elastic moduli, and 

characteristic strength respectively. By using parametric assessments of 
tested models, FEA assists in extending already-concluded experiments 
outcomes. The ability to calculate and visualise a wide range of physical 
characteristics concurrently, as in the solid mechanics module’s stresses 
or the electrostatic module’s electric potential, enables developers to 
quickly assess performance and make any necessary adjustments later 
on. FEM lowers the cost of the experimental procedure to be carried out 
and speeds up the process of achieving a successful result. When it comes 
to structural health monitoring, it aids in the realistic modelling of 
loading circumstances and failure mechanisms that could be harmful, 
damaging, or unfeasible. The next section deals with numerically 
modelling and analysing the PZT based SHM system for strength 
development monitoring of concrete substrates. 

Table 6 
Meshing size of FE concrete cube models with RSB considered in study.  

Method Configuration Maximum element size 
(mm) 

Minimum element size 
(mm) 

Curvature 
factor 

Resolution of narrow 
regions 

Maximum element growth 
rate 

EMI 
technique 

PI-L35 (half model)  8.65  0.629  0.4  0.7  1.40 
PII-L35 (half model)  8.68  0.632  0.4  0.7  1.40 
PIII-L35 (half 
model)  

8.65  0.629  0.4  0.7  1.40 

WP technique PI-H6.4 (full model)  9.05  0.658  0.4  0.7  0.40  

Fig. 3. (a) Isometric view of concrete cube modelled with RSB (PI-H6.4) on opposite faces, and (b) Mesh view of model.  

Fig. 4. Admittance response (in form of G & B) of free RSB prototypes (a) PI, (b) PII, and (c) PIII. (PZT excitation frequency ranges between 10 and 510 kHz).  
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3. Modelling concrete-PZT interaction with reusable smart bolt 
(RSB) configuration 

A two-folds study has been worked out to demonstrate monitoring of 
concrete strength development numerically utilising PZT patch-based 

EMI and WP techniques. Firstly, the embedded configurations of PZT 
patch were considered for verifying numerically obtained results of both 
EMI and WP techniques with experimental ones (refer to Appendices) 
reported previously by [20,23]. Thereafter, 31 different RSB configu-
rations were modelled and analysed to meet the objectives of present 

Fig. 5. Conductance signatures obtained at different concrete age upon altering bolt head thickness between 3.4 and 6.4 mm for Prototype-I.  

Fig. 6. (a) RMSD index of G for model PI on varying bolt head thickness and concrete age, and (b) Corresponding correlation between strength and RMSD for 
PI model. 
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study. For FE modelling, the properties of concrete and PZT are assigned 
to host and sensor respectively using finite element software namely 
COMSOL Multiphysics. The interfacial bonding layer of adhesive in case 
of embedded PZT configurations (used for verifications), is modelled at 
top and bottom face of PZT in order to glued PZT patch with the sur-
rounding concrete, whereas in cases of RSB configurations, the bonding 
layer is modelled on bottom face for the purpose of connecting PZT 
patch with steel bolt. The electrical, mechanical and dimensional 
properties of the materials as depicted in Table 2 were implicated during 
modelling [3,17,81,82]. 

The coupled field analysis was opted to obtain the conductance 
response in EMI technique, and the wave propagation velocities in WP 
technique. The coupled field analysis entails comprehending the 
connection between the PZT patch’s electrical impedance and the 
structure’s mechanical impedance. Considering the piezoelectric quali-
ties of the PZT patch, it investigates the relationship between the elec-
trical and mechanical reactions. To simulate concrete-PZT patch 
interactions, the electrical and solid mechanics domains are coupled. In 
COMSOL Multiphysics environment, the piezoelectric constitutive 
equations control the electro-mechanical coupling, simulates wave ex-
citations and sensing. In order to represent how wave, move through 
solid structures, solid mechanics is guided by wave motion equations. 
The Appendix A and B shows verification of the numerical results of 
EMI-based and WP-based methods respectively for embedded PZT 
configurations (direct) with the corresponding experimental ones, as 
extracted in literature [20,23]. The reported experimental findings for 

direct embedded PZT patch configurations showed acceptable sensitiv-
ities in conductance signatures for EMI method (excitation frequency 
range between 10 and 510 kHz) and P-wave velocities for WP method 
(time range 20–40 µs), in order to judge the variations of concrete 
strength development. For design and parametric study of RSB config-
urations, investigations are then carried out by material model updating 
for every configuration and model under consideration. More details 
related to modelling the materials and coupling for various SHM tech-
niques are briefly discussed in the forthcoming subsections. 

3.1. EMI technique 

In the present study, an indirect attachment through a bolt having 
epoxy attached squared PZT patch on its head is studied in detail for 
application of health monitoring of concrete strength. Table 3 depicts 
different bolt configurations used in the numerical analysis. The RSB- 
based EMI technique is modelled in the same way as the embedded 
PZT based EMI technique, the only difference is taking one more ma-
terial i.e., steel bolt having mass density of 7850 kg/m3, Poison’s ratio of 
0.28 and infinite relative permittivity. For optimizing the design of 
RSBs, three different models of bolts namely Prototype-I (or say, P-I) bolt 
having hexagonal head, Prototype-II (or say, P-II) bolt having hexagonal 
head with disk washer and Prototype-III (or say, P-III) bolt with squared 
head of standard specifications as specified by Indian standard organi-
zation are considered. The main purpose of considering three different 
bolts configurations (i.e., P-I, P-II and P-III) is to get an idea about which 

Fig. 7. Conductance signatures obtained at different concrete age upon altering shank length between 35 and 100 mm for Prototype-I.  

Fig. 8. (a) RMSD index of G for model PI on varying shank length and concrete age, and (b) Corresponding correlation between strength and RMSD for PI model.  
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bolt type and PZT patch location on bolt yields higher EMI output 
sensitivity for effective monitoring of concrete strength development. 

Further, the bolt shank length (for Prototype-I, II and III), bolt shank 
diameter (for Prototype-I and III), bolt head thickness (for Prototype-I 
and III), washer thickness & washer external diameter (for Prototype- 
II) are varied in order to optimise the dimensions of RSB sensors. 
Table 4 illustrates the nomenclature of 31 different RSB prototypes 
based on varying dimensional details used in FE study. 

For developing RSB sensors, the PZT patch was attached to bolt head 
in PI and PIII, whereas it is attached to washer in PII, considering the 
epoxy layer between PZT patch and bolt head surface in all the cases. To 
access the concrete health, the shank region was inserted in the concrete 
cube model of size 150 × 150 × 150 mm3 for completely transfer of the 
strain induced through the PZT patch to the substrate. Fig. 2 represents 
meshed models of free and combined RSB’s Prototypes-I, II and III with 
concrete cubes. The meshing statistics and sizes considered for all 
models developed are illustrated in Tables 5 and 6 respectively. 

3.2. WP technique 

To demonstrate the wave propagation simulation using RSBs, a 3D 
concrete cube model of 150 × 150 × 150 mm3 in size having two RSBs 
with bolt’s shank inserted in the concrete at opposite faces is considered 
as shown in Fig. 3(a). Fig. 3(b) illustrates the meshed finite element 
model of cubes with two RSBs. The RSBs are attached to opposite face of 
cube, one being enacting as actuator and the other as sensors. The sort of 
finite element mesh used in this study is free tetrahedral, and it is a 
second-order polynomial interpolation function element. The FE meshes 
of the RSBs, adhesive layers, and concrete cube be separated in order to 
simulate waves. The mesh size for the concrete cube is affected by 
wavelengths of the P- and S- waves. The phase velocities of the S0 mode 
and A0 mode for the wave at 100 kHz on the concrete cube with a width 
of 150 mm are taken as 3600 m/s and 2000 m/s, respectively. As a 
result, the concrete cube’s highest mesh size and smallest mesh size are 
set to 3600/f0/1.5 mm and 1.0 mm, respectively. Similar to this, the 
PZT’s mesh size is set to 3900/f0/5.0 mm. The entire meshes consist of 
around 5935 tetrahedral components, 936 triangle elements and 132 
edge elements. One simulation takes about 8 h to render in actual 

Fig. 9. Conductance signatures obtained at different concrete age upon altering bolt shank diameter from 08 to 14 mm for Prototype-I.  
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calculation time. 

4. Results and discussion 

With change in properties of concrete for increasing curing days, the 
variation in real part of impedance i.e., conductance and P-wave ve-
locities are obtained numerically. The conductance signatures and P- 
wave velocities are firstly compared with the experimental results from 
literature for embedded configurations of PZT patch while implying EMI 
and WP techniques. Then, different RSB configurations are explored for 
improvised compressive strength development monitoring of concrete 
cubes. 

For all model and configurations, the RMSD index is plotted taking 
conductance signature of day-01 concrete age as baseline. The reason 
behind using day-01 signatures as baseline, instead of day-0, is that 
concrete surface is moist and didn’t achieve much stiffness resulting 
inconsistent non-repeatable outputs during very-early hydration ages. 
At present, for monitoring early-age concrete strength development, 
these RMSD indices values are evaluated and linearly correlated with 
the gain in concrete’s compressive-strength relative to curing duration 
from day 01 to day 28. Furthermore, the Relative time of flight (RTOF) 
for WP, and RRF for EMI technique are determined for all RSB config-
uration. These RTOF and RRF values are then matched with the 
compressive-strength of concrete cube to give better correlation for 
proving RSB efficacy in monitoring strength development of concrete 
during hydration. 

4.1. Strength monitoring using EMI technique 

The EMI responses of all free-RSB sensors (Prototypes -I, -II and -III) 
are firstly obtained numerically before utilising it for concrete strength 
monitoring. In case of free-RSBs (i.e., RSB not connected to concrete 
cube), the PZT patch is glued to bolt heads of various considered steel 
bolts as mentioned in Section 3. The PZT patch is then polarised elec-
trically and actuated in the frequency range of 10–510 kHz at 200 Hz 
interim period to get the G & B responses as depicted in Fig. 4. Multiple 
resonant frequency peaks are obtained mainly in PZT excitation fre-
quencies between 100 and 600 kHz for all free-RSB prototypes (PI, PII, 
and PIII). 

The shank portion of RSBs is then inserted inside the mid-surface of 
concrete cube to get the combined EMI response. The conductance being 
more sensitive [19,63] is considered for sensing outputs upon varying 
concrete age and bolts geometry. It can be found from literature that in 
case of concrete substrates, 100–500 kHz frequency ranges show higher 

sensitivity of EMI response. A shorter excitation frequency range was 
selected to excite PZT patch in order to decrease analysis time. Fig. 5 
shows variations in the conductance signatures (in PZT excitation fre-
quency ranges between 130 and 200 kHz) of model P-I bolt inserted in 
concrete cube obtained at curing age between day-01 to day-28 with 
change in bolt’s head thickness from 3.4 to 6.4 mm. For all the models, 
upon increasing curing age of concrete, the conductance peaks shifted to 
right-upward direction. The resonant frequency as well conductance 
peak magnitude increases with concrete age. Also, the peaks observed 
for 3.4 mm head thickness are seen to be more damped than the peak 
obtained for 6.4 mm thickness. The magnitude of the conductance peaks 
increases with thickness of the bolt’s head. The corresponding RMSD (in 
percentage) index obtained relative to concrete age and bolt’s head 
thickness is depicted using bar graph in Fig. 6(a). The rate of change in 
RMSD observed to be increasing up to 5.4 mm thickness (model PI- 
H5.4). Fig. 6(b) depicts the linear correlation obtained for RMSD per-
centage and compressive strength with curing time with good degrees of 
confident levels. 

Variation in the conductance signatures obtained with curing time of 
day 01 to day 28 taking RSB P-I shank length of 35 mm, 70 mm and 100 
mm are plotted in Fig. 7. It can be visualised that with increasing the 
shank length of the RSB, the smooth trend of signatures distracted, while 
peaks getting distorted and shifting leftwards. Overall, for all cases, the 
conductance peaks are observed to be right-upward shifted with con-
crete age. The corresponding RMSD index for conductance signatures for 
considered RSB shank length is depicted in Fig. 8(a). The RMSD is 
observed higher for model PI-L35. On increasing bolt length to 70 mm 
and 100 mm, RMSD tends to be lower. A shorter bolt length results in 
less contact between concrete and PZT patch. In the FE simulations, this 
may lead to a weaker electro-mechanical interaction between the two 
materials. Due to the decreased coupling, the EMI signatures are more 
variable, which raises the RMSD values for shorter bolt length. Also, the 
concentration of stress and strain near bolt and inadequate boundary 
conditions in FE modelling of shorter length bolt can introduces simu-
lation errors that lead to higher variations in the EMI signatures, 
resulting in higher RMSD values. Fig. 8(b) represents the linear corre-
lation obtained for RMSD percentage with compressive-strength of 
concrete. 

The distribution of conductance obtained with day 01 to day 28 
concrete strength considering RSB P-I shank diameter as 8 mm, 10 mm, 
12 mm and 14 mm is plotted in Fig. 9. It can be portrayed that with 
increasing the shank diameter of the RSB, the peaks are getting pointed 
and sharper while being shifted in right-upward direction, all observed 
to localise at the same point near resonant frequency. The corresponding 

Fig. 10. (a) RMSD index of G for model PI on varying bolt shank diameter and concrete age, and (b) Corresponding correlation between strength and RMSD for 
PI model. 
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RMSD index for conductance signatures for considered RSB shank 
diameter is depicted in Fig. 10(a). The RMSD is observed higher for 
model PI-D12. The linear correlation obtained for RMSD percentage 
with change in compressive-strength of concrete is represented in 
Fig. 10(b) with higher confidence levels. 

In the similar way, the FE analysis has been carried out to get the 
impedance distribution with excitation frequency of PZT patch for all 
the cases of RSB sensors Prototype-II inserted in concrete cube. Fig. 11 
(a, b and c) depicts the variations in conductance relative to bolt’s 
washer thickness (1.5 mm, 2.5 mm and 3.5 mm), shank length (35 mm, 

70 mm and 100 mm), and washer external diameter (44 mm, 49 mm and 
54 mm) respectively. The conductance signature observed shifted left- 
downward on increasing concrete age. The corresponding RMSD index 
plotted for all the cases in Fig. 12 (a, b, and c) revealed the maximum 
deviation observed for washer thickness 1.5 mm, shank length 35 mm, 
and external washer diameter 49 mm which make suitable for its utili-
zation as RSB sensors for monitoring concrete strength with maximum 
sensitivity. Fig. 12 also shows the corresponding linear correlation of 
RMSD with concrete’s compressive-strength for RSB P-II prototypes. 
Overall, the RMSD of P-II types RSB diminished to around 10 times when 

Fig. 11. Conductance signatures obtained at different concrete age for Prototype-II upon altering (a) bolt washer thickness from 1.5 to 3.5 mm, (b) bolt shank length 
between 35 and 100 mm, and (c) bolt washer external diameter from 44 to 54 mm. 
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compared that of P-I types. This is due to the reason that PZT patch is not 
directly attached to bolt, but bonded to the washer, which causes much 
lower transfer of strains actuated and sensed by transducers. 

The conductance spectrum of RSB Prototype-III sensors inserted in 
concrete cube upon varying bolt’s head thickness (3.4 mm, 4.4 mm, 5.4 
mm and 6.4 mm), shank length (35 mm, 70 mm and 100 mm), and shank 
diameter (8 mm, 10 mm, 12 mm and 14 mm) is delineated in Fig. 13. (a, 
b & c) respectively. The conductance signature seems to be shifted in 
right-upward direction on increasing concrete age. The corresponding 
RMSD index plotted for all the cases in Fig. 14 (a, b, & c) revealed the 
maximum sensitivity is observed for head thickness 6.4 mm, shank 
length 100 mm, and shank diameter 14 mm. Fig. 14 also shows the 
corresponding linear correlation of RMSD with concrete’s compressive- 
strength for RSB P-II prototype with good confidence levels. Overall, the 
sensitivity of P-III types RSBs found comparably lower than P-I type 
RSBs but around eight time higher than of P-II types RSBs while moni-
toring concrete strength. 

4.2. Strength monitoring using WP technique 

In present numerical study, a sinusoidal tone burst-transient voltage 
at a certain frequency (i.e., the actuation signal) was applied at actuating 
transducer across its polarisation direction. The actuating smart patch 
was deformed to induce elastic vibrations by the converse-piezoelectric 
effect. The actuating frequencies used in this investigation was 60 kHz. A 
waveform travels radially through the concrete as a result of the actu-
ator’s vibratory reaction. Through the direct piezoelectric action, the 
sensing patch transformed the incoming elastic wave into electrical 
voltages (i.e., the sensing signal). The tone-burst stimulation may be 
used to produce a variety of waves, such as P-waves, shear-waves, R- 

waves, and other wave modes. The P-wave velocity was used in the 
ongoing investigation to diagnose the concrete’s strength progression 
during curing process. The P-wave may easily be recognised as the first- 
wave packet from the sensing signatures since it is often a non-dispersive 
wave with the fastest rate of propagation. Therefore, the triggering 
signals have no effect on P-wave velocities. By dividing the center-to- 
centre distance between the PZT transducers by the wave’s travel 
duration (i.e., TOF), the velocity of a P-wave may be calculated. P-wave 
velocity can be determined by estimating TOF of corresponding signal 
peaks for different health states of concrete. 

The change in terminal voltage peaks obtained with concrete curing 
age (day 01 to day 28) for concrete cube modelled with RSBs (PI-H6.4) 
on opposite faces. The P-I configuration of 6.4 mm bolt thickness was 
selected for modelling the WP-based method due to the fact that it 
showed higher sensitivity in EMI-based methods when compared to 
other RSB’s configuration (P-II and P-III models) (refer to Figs. 5–14). It 
can be visualised from Fig. 15 that as the strength of the concrete 
specimen increases upon hydration, the time of flight as well as 
magnitude of the terminal voltage peaks of wave decreases. 

The comparison of WP and EMI technique for concrete cube with 
RSB(PI-H6.4) is done for calibrating the interrelation between the two 
methodologies. Firstly, for EMI technique, the normalized resonance 
frequency is determined with respect to highest frequency (known as 
relative resonance frequency) for models at different curing age (i.e., 1, 
3, 5, 7, 14, 21, and 28 days). The exponential relationship is developed 
between gain in concrete strength and relative resonance frequency, 
which is found to be better correlated with coefficient of determination 
(R2) of 0.9182 as shown in Fig. 16(a). The concrete’s compressive 
strength can also be predicted using Fig. 16(b), plotted to relate 
normalized RMSD values at different curing days. The normalised RMSD 

Fig. 12. RMSD index and corresponding correlation between strength and RMSD for PII model upon variation in (a) washer thickness from 1.5 to 3.5 mm, (b) bolt 
shank length from 35 to 100 mm, and (c) washer external diameter from 44 to 54 mm. 
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is defined as the relative RMSD at any curing day with respect to RMSD 
at 28th curing day. Afterward, RRF shift of EMI technique, & P-wave 
velocities of WP technique are correlated with coefficient of determi-
nation (R2) of 0.9272 (see Fig. 16(c)). However, when compared to 
Tang’s study for concrete beam with embedded transducers, the pres-
ently used RSB configuration shows lesser sensitivity in RRF shifting 
from 1 to 0.906 for P-wave velocities from 3533 m/s to 4274.2 m/s as 
represented in Fig. 16(c). But on the other side, for WP technique, the 
change in compressive strength from 6.65 MPa to 51.11 MPa shows 
significant variations in P-wave velocities from 3533 m/s to 4274.2 m/s 
respectively which proves the efficacy of methodology in hydration 
monitoring applications (Fig. 16(d)). For strength calibration, the 
exponential relationship shown in Eq. (6) is proposed for concrete 
strength (f) relative to P-wave velocity (v), which is found to be corre-
lated with coefficient of determination (R2) of 0.8515. 
f = 0.0034e0.0023v

; R2 = 0.8515 (6) 
Overall, the shift of P-wave velocity in WP technique and RMSD 

index for conductance in EMI technique results proficient in capturing 

development of concrete strength using RSBs with higher sensitivities. 
These shifting in output signals of both techniques upon concrete 
strength variation are correlated in Fig. 16(e). Eq. (7) is proposed with 
98.6 % confidence level to correlate the EMI and WP technique results. 
vr = 0.9605D2 − 0.1353D; R2 = 0.9866 (7) 

where, vr is relative change in P-wave velocities, and D is RMSD 
magnitude for conductance signatures. The paper will lead to develop-
ment of new non-destructive technique, having RSB sensors of optimal 
dimensions that can be reused for concrete’s structural health moni-
toring. The proposed study is first of its kind that relates hybrid EMI and 
WP technique with strength gain of conventional-used concrete using 
RSB sensors. However, more studies utilising different kind of concrete 
mixes and input parameters are required to generalised the technique 
for all concrete mixes. 

5. Conclusions 

The PZT-structure interaction for monitoring concrete strength 

Fig. 13. Conductance signatures obtained at different concrete age for Prototype-III upon altering (a) bolt head thickness between 3.4 and 6.4 mm, (b) bolt shank 
length between 35 and 100 mm, and (c) bolt shank diameter between 8 and 14 mm. 
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development during hydration has been successfully demonstrated 
through numerical modelling using hybrid EMI and WP techniques. The 
peaks of conductance and propagating wave velocities shows better 
sensitivity upon varying concrete characteristics for all the considered 
RSB cases. The validation of numerical results with experimental from 
literature for both techniques is carried out successfully with higher 
accuracy. Besides conventionally-used surface-bonded and embedded 
piezo patches, the indirectly-bonded RSB configurations shows 
tremendously good results of piezo outputs for effective and low-cost 
application in concrete health monitoring while capturing impedance 

signatures in EMI technique, and P-wave velocities in WP technique. The 
parametric study reveals the optimum design for RSB Prototype P-I 
having bolt’s head thickness-6.4 mm, shank length-35 mm and shank 
diameter-12 mm. The PZT patch attached to head of square bolts (P-III 
model) shows less sensitivity of RMSD index when compared to that of 
PZT patch bonded to head of circular bolts without washer (P-I model). 
For RSB to be proficient in monitoring, bonding the PZT patch to bolt- 
head instead to its washer results 10 times better sensitivity in the 
output signals. Further, proposed mathematical models for RMSD helps 
the future researcher to judge the shifting of RSB-identified impedance 
signatures for estimating the concrete strength with higher accuracy. On 
the other side, the strength calibration charts relative to RSB identified 
P-wave velocities and RRF are successfully proposed. The concrete 
strength development shows exponential growth relative to both RRF 
and P-wave velocities. Overall, the increment in P-wave velocity with 
strength development of concrete is correlated to RMSD of PZT- 
identified conductance with higher confidence levels. Future studies 
may focus on estimating RSB-identified equivalent stiffness parameters 
(k-m-c) using EMI technique for investigating inherent characteristics of 
concrete matrix that could be useful for developing for low-cost and 
prominent health monitoring solutions. 
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Fig. 14. RMSD index and corresponding correlation between strength and RMSD for PIII model upon variation in bolt (a) head thickness from 3.4 to 6.4 mm, (b) 
shank length from 35 to 100 mm, and (c) shank diameter from 8 to 14 mm. 

Fig. 15. Variation of terminal voltage (first peak) at receiver RSB with con-
crete age. 
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Fig. A1. FE model created for validation of EMI technique (Model: Concrete cube with embedded PZT patch).  
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Appendix A. Verification of EMI results 

To validate the results of EMI technqiue extracted via numerical 
modelling, the FE models of concrete cube of size 150 × 150 × 150 mm3 

with embedded PZT patch with epoxy coating inside the concrete matrix 
are generated as done in experimental study demonstrated by Kocherla 
and Kolluru [23]. To simulate the experimental study, the comparison of 
conductance signatures is demonstrated for verifying the FE results. The 
3D-numerical model developed in present study is shown in Fig. A1. 
Quarter model having cross sectional area of 75 × 75 × 150 mm3 is 
created using symmetry in FE modelling. Using the symmetry property, 
the model is analysed by deleting 3/4th domains, as one-fourth 
remaining give the same results with lesser analysis time using work- 
plane symmetry property of COMSOL Multiphysics. Instead, one simu-
lation takes around 12 h to render in actual calculation time. The con-
dition for using symmetry is that it should be used along zx or zy plane i. 
e., polarization axis of the PZT patch along z-axis. A epoxy layer of 3 mm 
thickness is considered all-round the PZT patch surface boundary. The 
voltage of 1 V is applied perpendicularly to the x-y plane i.e. towards the 
polarization axis with excitation frequency sweep in range between 10 
and 500 kHz at 408 Hz interim period. The total number of tetrahedron- 
elements in the comprehensive embedded PZT model are 44435, of 
which 5268 are triangular and 397 are edge-elements. The smallest 
element size is 0.6 mm, which was purposefully chosen to be smaller 
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Fig. A2. Validation of EMI results obtained in present numerical study with experimental obtained by [23], for (a) Free PZT patch, and (b) PZT patch embedded in 
concrete cube at 28 day age. 
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Fig. B1. (a) Concrete control beam considered by Tang et al. (2022) [20], (b) Isometric view of beam modelled with embedded sensors, and (c) Meshed view 
of model. 
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Fig. B2. Validation of numerical results for signal response at 
receiver transducer. 
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than epoxy thickness in order to account for the bond layer’s partici-
pation in the study. The largest element size was considered to be 8.25 
mm during FEM. 

The free PZT patch response (i.e., without attaching PZT patch with 
the concrete matrix) obtained numerically is plotted to simulate the 
experiment demonstrated by Kocherla and Kolluru [23] in the PZT 
excitation frequency ranges between 10 and 510 kHz as shown in Fig. A2 
(a). To validate the EMI response, the similar properties taken by [23] 
were used as inputs for numerical modelling. The comparison of sig-
natures obtained experimentally by [23] while embedding the PZT 
patch inside the concrete cube at 28-day age with the signature obtained 
numerically at present is also represented in the Fig. A2(b). Due to the 
influence of external factors in experimentations such as the unevenness 
of the adhesive layer, non-homogeneity of concrete, losses incurred, 
impedance curve may be seen somewhat deviating from experimental 
values. But overall, the results validate the EMI response of free and 
embedded configuration (with epoxy protective layers inside the con-
crete cube) of PZT patch with the RMSD of 1.473 % and 2.612 % 
respectively. A close similarity between experimental and numerical 
values is observed that shows the efficacy of using numerical techniques 
in extracting EMI spectrum of PZT-structure interaction useful for health 
monitoring methodologies. 

Appendix B. Verification of WP results 

For validating the WP technique, the outcomes of numerical 
modelling are initially compared with experimentally-obtained ones 
demonstrated by Tang et al. (2022) [20] for monitoring concrete 
strength. Firstly, a 3D beam model of size 500 × 100 × 100 mm3 with 
two embedded smart cylindrical aggregates (containing PZT patch 20 ×
20 × 5 mm3 in 1:6 cement matrix) having 35 mm diameter, 16 mm 
height each and vertically placed at spacing of 80 mm c/c is developed 
(refer to Fig. B1 (a) and (b)). Other mechanical and electrical properties 
are considered same as taken for experimentations and can be referred 
from [20]. At present for FE study, the predefined tetrahedral fine mesh 
is chosen for simulations. Fig. B1(c) shows the isometric view of meshing 
geometry of the developed model. The entire meshes consist of around 
16,894 tetrahedral components, 3546 triangle elements and 329 edge 
elements. The maximum element size is 40 mm and the curvature factor 
is 0.5 mm. 

Fig. B2 shows the comparison of experimentally and numerically 
obtained signal received at sensor transducer for direct-embedded 
configurations. The dissimilarity of peaks for higher wave levels may 
be due to considering concrete material to be homogeneous and 
isotropic in numerical modelling. The RMSD of 2.275 % for TOF of first 
signal peak was observed between numerical & experimental results. 
Therefore, due to close similarity, the shifting of first peak of received 
signal is taken into consideration for estimating change of P-wave ve-
locities at different health states. 
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