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Abstract

Hydration of concrete is a very complicated and multiphase process, where the cement gel transforms into a hardened
state from plastic/semiplastic phase. Proper progression of the hydration process ensures the development of targeted
mechanical properties such as the elastic modulus, the coefficient of thermal expansion, the Poisson’s ratio, and finally,
the characteristic strength of concrete. Concrete experiences large thermal variations during the early phase of hydra-
tion due to the heat generated during the formation of cement hydration compounds, which contributes to shrinkage
and cracking, somewhat making ground for the ultimate failure in the long run. Therefore, it is utmost important to
monitor the progression of hydration for enhancing performance during the curing and the early service life. This article
presents a new reusable external configuration of piezo-impedance transducers to monitor the hydration process in
concrete structures using the electro-mechanical impedance technique. The proposed configuration consists of a thin
metal foil instrumented with piezoelectric ceramic patch at the free end with the other end of the foil embedded inside
the concrete. This configuration is compared against a piezoelectric ceramic patch directly bonded on the rebar used
for reinforcement and another one embedded in the concrete surrounding the rebar. The sensing capability of the pro-
posed metal foil configuration is clearly evident from the coupled admittance signature quantitatively vis-a-vis the other
configurations. As a preliminary analysis, root mean square deviation values are employed to monitor the hydration pro-
cess quantitatively. A piezo-equivalent mechanical model is also developed wherein the piezo-identified mass, stiffness
and damping parameters are investigated for the cement hydration process so as to chalk out rigorous quantifiers of
hydration progression. The employability of the proposed configuration is further proven by explanation of the physio-
chemical products developed during various stage of hydration with step-by-step explanation along with corelation of
the piezo-identified mass, stiffness and damping parameters. Overall, the proposed reusable configuration carries a high
potential for field deployment in concrete industry for early detection of physio-chemical changes.

Keywords
Cement, concrete composite, hydration, lead zirconate titanate (piezoelectric ceramic), metal foil-based piezo sensor,
electro-mechanical impedance technique
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silicate hydrate (CSH) gel and calcium hydroxide
(Ca(OH),) (Mehta and Monteiro, 2014; Neville, 2004).
During the construction process (after casting, pouring
and vibrating), strength monitoring is an important
task to ensure the safety of both humans and structure.
At the same time, strength monitoring also aids in
determining the optimal time to demould the tempo-
rary framework, which carries substantial part in the
overall budget of the construction project (Glisic and
Inaudi, 2006). Various non-destructive evaluation
(NDE) techniques such as ultrasonic pulse velocity,
rebound hammer, acoustic emission and so on are con-
ventionally employed in monitoring of the hydration
process by measuring some property, indirectly
related to the strength of concrete (Bahador and
Yaowen, 2010; Soh and Bhalla, 2005). The conven-
tional techniques for hydration monitoring are lim-
ited to certain extent for specific situations only. For
example, the ultrasonic pulse velocity technique needs
access of two sides of the structure for effective
strength determination, which is in general infeasible
for large structures, especially when the formwork is
still present.

During the last and a half decades, the piezoelectric
ceramic (PZT) patches have demonstrated their suit-
ability for structural health monitoring (SHM) as sen-
sors of the electro-mechanical impedance (EMI)
technique for a wide variety of structures, including
reinforced concrete (Bhalla et al., 2012; Bhalla and
Soh, 2004a, 2004b, 2004c; Giurgiutiu and Zagrai, 2000,
2002; Lim et al., 2006; Moharana and Bhalla, 2014;
Park et al., 2000a, 2000b; Shanker et al., 2011; Soh
et al., 2000; Sun et al., 1995; Talakokula et al., 2016).
Basic concept of the EMI technique for SHM is to
monitor the integrity of the structure by measuring the
electrical admittance via the PZT transducer bonded
on the surface of the monitored structure. Because of
the direct and the converse piezoelectric effects, any
change in the mechanical impedance of the structure
caused by damage modifies the electrical admittance of
the PZT transducer bonded to it. Usually, the electro-
mechanical admittance signature, comprising of the
conductance (real part) and the susceptance (imaginary
part) is acquired in the healthy condition of the struc-
ture and used as the reference baseline for future deci-
sions on structural integrity. Any occurrence of
damage on the structure modifies the admittance signa-
ture, thereby providing a signal to the end user. Bhalla
and Soh (2004b, 2004c) developed a two dimensional
piezo-impedance approach based on the concept of
effective impedance to model the PZT—structure inter-
action manifesting active and passive part of coupled
admittance signature. Any damage to the structure will
cause these characteristics to change and hence
changes the structural impedance (Z;, .z), which in turn
alters the Electrical admittance (¥) as given by the fol-
lowing expression
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where w is the angular frequency, / the half-length and
h the thickness of the patch; ey = &33(1 — §)) the com-
plex piezoelectric permittivity (6 being the dielectric loss
factor); YE = YE(1 + nj) the complex Young’s modu-
lus (n being the mechanical loss factor); Z;, .» and
Z, o respectively, the effective impedances of the
structure and the PZT patch; and k the wave number.
This equation couples the mechanical impedance of the
structure with the electrical admittance Y, which means
that any damage to the structure (change of Z; ) will
reflect itself as change in Y. Furthermore, a continuum
approach has recently been developed with rigorous
inclusion of the bonding effect on the coupled admit-
tance signature (Moharana and Bhalla, 2014, 2015).

As an extension of SHM, several researchers have
studied the possible deployment of smart materials,
especially optical fibre sensors and PZT patches, for
monitoring of cement concrete hydration in surface
bonded and embedded configurations. During late
1990s, Glisic and Simon (1999) developed an experi-
mental method to monitor concrete deformations at
early stage of construction using Surveillance
d’Ouvrages par Fibres Optiques (SOFO) sensors.
Subsequently, they also reported the limited application
of SOFO sensor for in situ concrete hydration measure-
ment. Azenha et al. (2009) monitored the thermal
deformation and shrinkage during early stage cement
hydration using electrical strain gauges. A thermo-
mechanical numerical model was developed to simulate
the early-age concrete behaviour of the specimen.

Soh and Bhalla (2005) proposed PZT identified stiff-
ness as an indicator of hydration progress. The equiva-
lent stiffness parameter (ESP) was found to be more
sensitive to hydration as compared to the ultrasonic
pulse velocity measurement. Shin et al. (2008) investi-
gated the applicability of the EMI technique for
strength gain monitoring of early-age concrete. PZT
patches were employed as EMI sensors to monitor the
curing of concrete. They reported good experimental
results showing excellent potential of the EMI sensing
technique as a practical and reliable NDE technique
for concrete strength gain monitoring. Shin and Oh
(2009) investigated the potential use of the PZT patches
for concrete strength monitoring in surface bonded
mode. However, the moisture loss in concrete plays a
greater role in volumetric shrinkage, which could mis-
lead the overall admittance signature of sensor in the
surface bonded configuration. Hence, their approach
was not full proof complete. Tawie et al. (2010b) stud-
ied the hydration progression in cement paste using
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reusable piezo sensor bonded on a plate. They success-
fully monitored the physical changes occurring during
hydration and quantified the same through the root
mean square deviation (RMSD). However, the analysis
was restricted to the real component of the admittance
(i.e. conductance) signature only. Tawie and Lee (2010)
employed the PZT patches bonded to steel reinforce-
ment and embedded in concrete. They reported the sig-
nificant changes in curing characteristics of concrete
for varying water—cement (w/c) ratio, compaction
methods and curing regimes. They reported that the
shifting of the piezo-coupled resonance peak and the
frequency change is more significant between the set-
ting and the hardening phase. Bahador and Yaowen
(2010) developed a unique approach to arrest the actual
densification and volumetric shrinkage during concrete
hydration through an encompassed reusable PZT
patch. This consisted of a piece of PZT patch bonded
to an enclosure with two bolts tightened inside the
holes drilled in the enclosure. They also included an
embedded sensor in their study. They concluded that
the embedded piezo sensor is quite sensitive to capture
the initial hydration process whereas enclosed config-
uration of the reusable PZT patch can be used for mon-
itoring the setting of the fresh concrete. Wang and Zhu
(2011) proposed an experimental technique to monitor
and predict the early-age strength of concrete through
statistical interference of the mean average percentage
deviation and the RMSD indices using waterproofed
PZT sensors embedded in concrete. Ni et al. (2012)
developed a NDE technique based on the propagation
of highly nonlinear solitary waves to monitor the
hydration of cement. Their studies mostly focused on
monitoring granular crystal formation of the hydrated
product during the strength gain period. However,
main limitation arises here due to piezo induced surface
waves in heterogeneous concrete. From the experimen-
tal outcomes, they concluded that the proposed tech-
nique is more reliable for hydration monitoring during
early age only. Providakis and Liarakos (2014) devel-
oped a portable and innovative telemetric EMI moni-
toring system to monitor concrete strength
development ranging from the initial stages of casting
to the final 28 days cured stage. They found that the
EMI technique is very sensitive to the strength gain of
concrete structures right from the earliest stages.

In recent years, many researchers investigated con-
crete strength monitoring process for concrete founda-
tions through precast blocks using embedded smart
aggregates using the wave propagation approach
(Constantin et al., 2016; Lim et al., 2018a, 2018b; Lu
et al., 2017, 2018). From the experimental results, they
found that harmonic amplitude variation measured by
the piezo sensor is the key index related to concrete
strength development (Banerjee et al., 2009; Sikdar and
Banerjee, 2016). Furthermore, they developed wireless
sensory network for remote strength gain monitoring.

Kong et al. (2013) successfully identified three different
phases (the fluid state, the transition state and the har-
dened state) during the hydration process of concrete
through piezo wave propagation approach. Different
amplitude and constant frequency sine wave excitations
were used for characterization and monitoring process
of concrete. Su et al. (2016) demonstrated a real time
in-site monitoring of hydraulic concrete strength using
PZT smart module pairs through wave propagation
approach. A mathematical model was developed
through mapping between the stress wave amplitude
data and the fuzzy inference approach to formulate a
relationship between concrete strength and the stress
wave amplitude.

All the above described studies involved PZT
patches either surface bonded or embedded configura-
tion. Although reusable type of sensors have been pro-
posed, their fabrication and instrumentation tended
involved partial/full embedment in concrete. This arti-
cle proposes a new PZT-based reusable hydration-
monitoring sensor with the sensor remaining external
to the concrete structure to be monitored. The sensor
uses a very simplified configuration consisting of a
hanging metal foil as compared to all past demonstra-
tions, which allows dismantling the sensor externally
without any damage to concrete. It consists of a PZT
patch bonded at the end of metal foil, whose other end
is embedded inside concrete during casting. The article
evaluates the proposed configuration vis-a-vis the pre-
viously tested configurations, namely, the surface
bonded, the embedded and the one bonded to the
inserted steel bar. The coupled piezo-impedance signa-
tures are acquired from the lab-sized concrete samples
for 70 days in regular fashion for monitoring the
strength gain and hydration phases of concrete. The
equivalent structural parameters have been determined
using effective impedance approach to establish the
relation between the cement concrete setting and hard-
ening stages and sensor identified structural properties
during continuous hydration. Monitoring the concrete
strength or hydration at early stage construction is oth-
erwise very difficult due to lack of accessibility. The
forthcoming sections of article cover experimental
details, analysis and result interpretation related to the
hydration.

2. Experimental details

As part of the experimental investigation, three con-
crete cube samples (150 X 150 X 150 mm’® in size)
were prepared using M30 concrete mix in accordance
with IS 10262 (2009), as shown in Figure 1. The ingre-
dients (Cement: Water: Coarse Aggregate: Fine
Aggregate) were proportioned as 1:0.44:2.74:1.34 in
accordance with the mix design procedure. The aggre-
gate sampling and their size grading has been
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Figure I. A typical concrete specimen instrumented with PZT
patches in different sensor configurations.

confirmed to IS 383 (1970). The nominal size aggregate
used for this mix is 20 mm. The PZT patches were
instrumented on the concrete cubes in three different
configurations for the purpose of evaluation: (a)
embedded in the concrete surrounding the rebar
(Figure 2(a)), (b) bonded to steel rebar embedded inside

concrete as reinforcement (Figure 2(b)) and (c)
attached at the end of an aluminium foil in turn
embedded inside concrete (Figure 2(c)). Soft PZT
transducers of grade of PIC 151 (manufactured by PI
ceramic) of size of 10 X 10 X 0.3 mm? were used for
all the three sensor configurations. All the piezo config-
uration were ready prior to casting and installed during
the casting. All the PZT transducers were bonded using
a thin layer of Araldite epoxy adhesive. In order to pro-
tect the patches (rebar and metal foil configurations)
from water during casting, an additional layer of the
Araldite epoxy was applied on top of the sensors as a
durable cover (see Figure 2(b) and (c)). Figure 3 pre-
sents the complete laboratory setup for the overall
experimental programme.

For this study, the authors have evaluated a
new piezo configuration, metal wire-based EMI
(MWBEMI) variant for hydration monitoring of con-
crete for the first time. In the proposed setup, the PZT
patch is not directly bonded on the surface of the struc-
ture but operates from the end of the steel wire in turn
attached to the concrete sample, as shown in Figure
2(c). A thin aluminium foil of length 508 mm and
cross-section of 10 X 1 mm? has been used. One end

(©)

Figure 2. Various sensor configurations considered in study: (a) Embedded PZT patch in the form of CVS, (b) PZT patch bonded

to steel bar and (c) PZT patch bonded to metal foil.
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of aluminium foil was inserted into the concrete sample
(up to 50 mm from the top surface) and other end a
PZT patch bonded the foil, as shown in Figure 2(c).
PZT patches were 10 X 10 X 0.3 mm’ in size and
conformed to grade PIC 151 (PI Ceramics, 2017). In
this configuration, although the sensitivity of the piezo-
coupled structural interaction gets compromised, the
MWBEMI variant is a panacea in situations (such as
complex junction of rail bridge girder, pier caps) where
implementation of the traditional EMI technique is not
feasible. Another advantage of using the MWBEMI
technique is that since the PZT patches are attached at
the end of the metal wire, resonance at certain frequen-
cies are virtually maintained regardless of the nature of
the host structure, which is otherwise a matter of con-
cern in materials with high damping, such as concrete
and certain ceramics. Hence, resulting signature con-
sisting of peaks is somehow guaranteed, which renders
damage detection relatively easier visually. The effec-
tiveness of this configuration of piezo sensor is higher
degree of reusability. As the PZT patch has been
attached to end of the metal foil, the foil can be easily
cut from the embedded part and can be reutilized any
other structure for monitoring purpose. This flexibility
is not available on previously demonstrated reusable
sensors which entailed partial/ full embedment imply-
ing that reusability would need damage to concrete.

As can be observed from equation (1), when struc-
tural properties goes through rheological changes
(hence Z; .;), the coupled EMI of the PZT patch
undergoes variations. Any change in the conductance
signature, such as magnitude or frequency shift, is
attributed to the underlying structural changes and
hence the impedance. In the present context, the shifts
would reflect the structural changes occurring in con-
crete due to hydration.

Among the above configurations, the surface bonded
configuration is the most widely researched so far. It is,
however, plagued by issues such as vulnerability to
environment degradation, besides the absence of a per-
fectly flat surface of concrete, which tends to undermine
bonding. Hence, for this study, the surface bonded

configuration has avoided. Bonding the PZT patch to
the rebar (Figure 2(a)) provides an alternative config-
uration which ensures protection to the patch. It has
been successfully demonstrated to be effective in the
progression of chloride and carbonation induced corro-
sion (Talakokula et al., 2014, 2016). The embedded
configuration (see Figure 2(c)) was achieved by means
of concrete vibration sensor (CVS), a ready-to-use
piezo-cement composite developed at the Smart
Structures and Dynamics Laboratory (Bhalla and
Gupta, 2007) and recently demonstrated to be suitable
for rebar corrosion monitoring (Talakokula and
Bhalla, 2015), especially during the early stages. Its
advantages, aside from protection to the otherwise fra-
gile PZT eclement, include easy installation as well as
better strain integration with surrounding concrete of
the structure. Recently Kaur and Bhalla (2015) also
demonstrated the CVS for combined SHM and energy
harvesting from an RC structure. Tawie and Lee (2011)
proposed a novel reusable PZT sensor, comprising a
PZT patch attached on a bolt. The sensor is installed on
the rod embedded in the cement mortar and can be
taken off for reuse after measuring the EMI. The metal
foil-based configuration (Figure 2(c)) stems as an adap-
tation of the metal wire—based configuration originally
proposed by Na and Lee (2013) and recently improved
upon by Naskar and Bhalla (2015) by replacing the wire
by a metal foil. It offers advantages such as reusability,
generation of peaks even in highly damped material like
concrete and being semi-remote in application. Lu et al.
(2017) developed a novel impedance-based model based
on concept of Smart Probe (PZT patch bonded on first
surface bonded on a pre-fabricated aluminium beam).
They found the dynamic modulus of elasticity of the
host structure from the conductance signatures using
the proposed model and demonstrated the superiority
of the proposed technique with excellent repeatability
test.

The present investigation that involves the metal
foil-based configuration, intended to be a reusable
hydration sensor is the first ever application of the
metal wire configuration in concrete, especially for
hydration monitoring with aid of piezo equivalent
parameters. It consists the instrumented concrete speci-
men, an LCR metre (Agilent 4980A, 30-300 kHz
range) and a laptop equipped with data acquisition
software (VEEPRO 9.2). The EMI signatures of the
PZT patches for all the three specimens were acquired
by measuring conductance and susceptance of the
patches for the frequency range of 50-300 kHz at an
interval of 100 Hz. Sun et al. (1995) recommended a
frequency band (40-300 kHz) containing major vibra-
tional modes of the structure for EMI-based monitor-
ing, that is, large number of peaks in the signature.
Park et al. (2003) recommended a frequency range
from 30 to 400 kHz for PZT patches 5-15 mm in size
employed for piezo-based SHM. According to Park



Moharana and Bhalla

2775

and coworkers, a higher frequency range (>200 kHz)
is favourable in localizing the sensing range, while a
lower frequency range (<70 kHz) covers a large sen-
sing area.

The EMI signatures were recorded every hour for
the initial 12 h and has been monitored for next
28 days. The curing of sample was done in the indoor
atmospheric conditions within the temperature range
of 28°C = 2°C and consistent humidity. The following
section covers detailed observations based on visual
analysis of signature and the use of statistical quantifi-
cation based on variations in the raw conductance
signature.

3. Statistical analysis of conductance
signatures

Several statistical parameters can be used to quantify
the changes in signature resulting from structural
change (concrete rheological change) utilizing the raw
conductance signatures. In this study, the RMSD index
was used to statistically quantify the changes in the sig-
nature occurring during the hydration. At preliminary
level, the main effects of any structural damage or
change in material characteristic on the signature are
the horizontal and the vertical shifts and also the result-
ing frequency shifts with respect to the free PZT plots
(Jung et al., 2014; Lim et al., 2006; Mascarenas et al.,
2010). These are the main indicators for physio-
chemical change in concrete. The RMSD of the con-
ductance signatures can be computed here for damage
quantification, as given by

S (G — Go)’
> Gj

where G is the baseline conductance value and G; the
corresponding current conductance at the ith measure-
ment point.

For the sake of standardization of hydration results
(i.e. 28 day of curing), the RMSD results were plot for
28 days only. In general, for all the three configura-
tions, initially sharp peaks were observed at the PZT
patch’s resonant frequencies, which flattened (coupled
with up/down and lateral shifting) with the passage of
time, when concrete transitioned from the plastic to the
hardened state (Lee and Tawie, 2009; Lim, 2014; Tawie
et al., 2013). Large shifts in signatures were observed
during the first 40 h. After that, the shifts were very
gradual, indicating that concrete attains most of its
stiffness during the initial hours followed by nominal
changes. The specific observations are described with
the aid of Figures 4 to 8 as follows. The coupled admit-
tance signatures for all three configuration are plotted
for long-term hydration and early hydration phases,
respectively.
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Figure 4. Compilation of conductance signature obtained from

embedded configuration for concrete Specimen | during
hydration: (a) long-term hydration and (b) early hydration.

Figure 4 shows the conductance plot of the
embedded CVS for Specimen 1. For this sensor, the
strength gain and densification can be significantly
interpreted from overall deviation in conductance sig-
nature as well as the piezo patch’s resonance peaks,
which can be observed through shifting peaks right-
wards and also attain higher conductance values as the
hydration process progressed. Similar behaviour has
been observed for both long-term (see Figure 4(a)) and
early hydration monitoring of cement concrete by
many researchers (see Figure 4(b)) (Kim et al., 2015;
Lim et al., 2016; Talakokula and Bhalla, 2015; Tawie
et al., 2010a, 2010b; Tawie and Lee, 2010; Thiyagarajan
et al., 2017; Yang et al., 2008, 2012).

Figure 5 shows the corresponding signatures for the
PZT patch bonded on the rebar. For this patch, the
resonance peaks for first few hours (plastic and transi-
tion periods) can be observed to descend (during early
hydration, see Figure 5(b)), shifts right and then signifi-
cantly move upwards (Cheol and Park, 2016; Jung
et al., 2014; Lim, 2014; Park et al., 2008; Talakokula
et al., 2018). Figure 6 shows the corresponding plots of
the metal foil-based piezo sensor (MFBPS) configura-
tion. For this case, the resonance peaks of the
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Figure 5. Compilation of conductance signatures obtained for
rebar bonded configuration for Specimen | during hydration: (a)
long-term hydration and (b) early hydration.

conductance signatures significantly increase in magni-
tude throughout the process hydration entailing solidi-
fication, densification and hardening. Figure 6(b)
represents the early hydration signatures of concrete
sample and signatures are coherent with long-term
hydration results (continuously increasing in conduc-
tance value). The continuous increase in the resonance
peak demonstrates its excellent capability to monitor
the strength gaining process of concrete. Hence, it can
be widely used for monitoring and damage identifica-
tion techniques for those structures where accessibility
is the main challenge.

In general, the observations are consistent to that
reported by Soh and Bhalla (2005), who theorized that
the relative shift of piezo peak as compared to ‘free-free’
condition essentially reflected the gradual gain in the
strength of concrete caused by hydration of concrete
(Lee and Tawie, 2009; Tawie et al., 2013). Similar beha-
viour of these sensor types was observed for Specimens
2 and 3, as can be observed from Figures 7 and 8 for
both early hydration and long-term hydration monitor-
ing. Figure 9 represents the typical USPV results of
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Figure 6. Compilation of conductance signatures obtained
from MFBPS configuration for Specimen | during hydration: (a)
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concrete samples monitored for hydration. The results
trend shows concrete solidification in overall hydration
process.

Since the real part actively interacts with the struc-
ture, it is traditionally preferred over the imaginary part
for preliminary analysis involving RMSD index. The
RMSD variation (see equation (2)) is plotted over the
28-days hydration period for all the sensor configura-
tion in Figures 10 to 12 for Specimens 1, 2 and 3,
respectively. From these figures, it is observed that ini-
tially, the RMSD values increase significantly due to
the rapid setting of concrete but thereafter attain more
or less constant values with time. Except for the magni-
tude, the trend of RMSD is similar for all piezo-config-
urations. However, significant number of outlier points
can also be observed. This is a well-accepted drawback
of a statistical indicator like RMSD (Park et al., 2003;
Soh and Bhalla, 2005; Talakokula et al., 2016). It also
does not provide a quantitative indicator for the degree
of hydration achieved. The variation of the RMSD val-
ues for the MFBPS configuration is essentially similar
to other piezo configurations, though its magnitude is
somewhat lower. The raw conductance signature
RMSD variation for the embedded and the steel rebar
configuration or concrete hydration are already estab-
lished by many researchers (Park et al., 2003; Soh and
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Figure 7. Compilation of conductance signature for concrete
Specimen 2 for (a) embedded configuration, (b) rebar bonded
configuration (c) MFBPS configuration.

Bhalla, 2005; Talakokula et al., 2016), the current
study, focused on MFBPS configuration only. The raw-
signatures and the RMSD curves acquired for MFBPS
configuration display satisfactory performance as like
other piezo configurations. However, RMSD is suitable
for preliminary level of interpreting the changes in sig-
natures. It does not provide a strong means of quantify-
ing changes on a uniform scale or in parametric form.
After visual and statistical correlations and establish-
ment of the MFBPS external configuration for hydra-
tion, the next step is to derive definite quantitative
indicators of hydration suitable for field application.
This is covered in the next section.
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Figure 8. Compilation of conductance signature for concrete
Specimen 3 for (a) embedded configuration, (b) rebar bonded
configuration and (c) MFBPS configuration.

4. Analysis based on impedance-based
structural identification

In order to gain a deeper insight into structural changes
occurring in concrete related to stiffness, mass and
damping induced by concrete hydration, impedance
approach was employed for structural identification for
the metal foil-based PZT patch. This study only con-
siders the MFBPS configuration for overall piezo-
identified system model as sufficient literature is
already available related to other two configurations
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Figure 9. USPV test results of concrete specimen.

(Bhalla et al., 2012, 2017; Soh and Bhalla, 2005;
Talakokula et al., 2016). The experimental signatures
of the MFBPS-based PZT patches for the three speci-
mens consist of the real and the imaginary components,
G and B, respectively, over 50-300 kHz range. The
mechanical impedance of the host structure was
obtained at each frequency using equation (1) through
the already established computational procedure
(Talakokula et al., 2016). The extracted mechanical
impedance (Z, .7 = x + ;) consists of the real and
the imaginary components, x and y, respectively, the
variation of which with frequency provides a clue for
system identification and carries vital information
related to the parameters of the structure encompassing
mass, damping and stiffness (Hixon, 1988). For this
purpose, it is a prerequisite to study the impedance pat-
terns of few simple systems and select which fits best
for the particular case as per the guidelines of Bhalla
et al. (2017). For MFBPS configuration, a close exami-
nation of the extracted impedance components in the
frequency range 170-180 kHz in the initial hours of
hydration revealed that the system behaviour is similar
to that of the combination of basic elements shown in
Table 1 (Bhalla and Soh, 2004b, 2004c). For system
parameter identification from extracted impedance
spectra, the frequency range 170-180 kHz has been
chosen since the system behaviour was found to be sim-
ilar to a parallel spring-damper (k-c) combination, in
series with mass ‘m’. From Figures 13 to 15, it can be
seen that the comparison between the experimental
plots with the analytical plots for this equivalent system
holds a satisfactory agreement. Hence, the structural
system is identified with a reasonably good accuracy.
This system consists of a series combination of a
mass element (m) with a damper (¢), the combination
then being in parallel with a spring (k). The next step
that follows is the quantitative determination of the
parameters m, ¢ and k, henceforth referred to as the
‘equivalent’ parameters of the host structure, here the
concrete block. It may be noted that these parameters
are obtained through experimental data directly,

without any prerequisite for material or geometrical
details of the specimen or any ‘model’ of the system.
After algebraic rearrangement of the expressions given
in Table 1, following expressions can be derived with
equivalent structural parameters (Bhalla et al., 2017)

_ xoxlw% — xoxlw%

3
Xow? — X103 (3)
2 3
- X0 (xoxlw% — xoxlw%) 4
m = PR 22 _ . 22 (4)
(X()wl xlwo) (xoxlwowl xowowo)
-2 -2 )
m - —yw(c* + (om

= Tl on) ) )

c 2+ (wm)
where x = X is the peak magnitude of conductance at

w = wy. X = x| (somewhat less than the peak magni-
tude) is the value of the component x at w = w; (<wy).
The values of wy and w; are 171 and 179 kHz, respec-
tively, for Samples 1 and 2. Hence, adopted similar
trend for Sample 3.

The extracted structural impedance components (x
vs fand y vs f) have been plotted over the chosen fre-
quency range resulting from the equivalent parameters
and compared with the experimental values of x and y
in Figures 13 to 15. All the piezo-identified structural
parameters have been plotted for 28 days after casting
for better evaluation. They are remarkably matching
each other as can be observed from the three figures.
These extracted piezo-identified parameter for other
sensor location (embedded and bonded with steel bar)
for concrete strength gain and other properties has
already been studied rigorously (Talakokula and
Bhalla, 2015; Talakokula et al., 2016). Hence, the focus
of this study to evaluate the PZT identified mass,
spring and damping values only for the PZT patch
bonded to metal foil for all three concrete specimens.

The variation of equivalent mass parameter (m) is
shown in Figure 16(a) to (c) for Specimens 1, 2 and 3,
respectively. It can be observed that as the hydration
progresses, concrete gets densified over the time due to
formation cement hydrated compounds, mainly cal-
cium sulphoaluminates, aluminohydrates, CSH gel and
calcium hydroxide Ca(OH),. From Figure 16, it can be
observed that the PZT identified mass variation has
very negligible trend in overall hydration process but
slightly increases in early setting phase because concrete
loses its plasticity with the progressive formation of the

setting compounds (CsAS;H3z», 3C4;ASH;, and
C4(A,F)H;3) (Mehta and Monteiro, 2014; Neville,
2004).

The mechanics of hydration phase can be explained
for the piezo-identified mass gain as follows. When the
Portland cement dispersed in water, calcium sulphate
and the high-temperature compounds (C3A and CsS)
begin to go into the solution, setting compound forms
and the liquid phase rapidly gets saturated with various
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Figure 10. RMSD variation for Specimen | during hydration monitoring: (a) embedded sensor, (b) rebar bonded sensor and (c)

MFBPS sensor.

ionic species. This phase lasts initial early hours.
During initial hydration phase, the mass values increase
slightly during early hydration hours (setting period)
and later on remain constant and hardly any variation
has observed. After 3 days, the ettringite decomposes to
monosulphoaluminate and rapid formation CSH-short
fibre makes the formation fundamental concrete

structure with stable form hydration products
(Gaulffinet et al., 1998; Mindess and Young, 1981). At
this particular moment, concrete completely losses its
plasticity, starts to fill up the water pores (reduction
Ca(OH), and densification). The stated mechanism can
be observed in Figure 16(a) to (c) in early hydration
phase. The mass gain is very negligible from day 3
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Figure 11. RMSD variation for Specimen 2 during hydration monitoring: (a) embedded sensor, (b) rebar bonded sensor and (c)

MFBPS sensor.

onwards (see Figure 16(a) and (b)). As hydration prog-
ress, large prismatic crystals of calcium hydroxide and
very small fibrous crystals of CSHs begin to fill the
empty space formerly occupied by water and the dissol-
ving cement particles. At this point, concrete has
attained the firm hardened shape after condensation of
cement hydrated structure (Fierens and Verhaegen,
1976; Portland Cement Association (PCA), 2018),
which can be seen with minute increase in mass from
Figure 16 (from 20th, the day after casting till 28 days).
Overall, the variation of mass is not significant for
long-term hydration but in early stage, the piezo-
identified mass increases during setting period of
cement. The observations based on m (Figure 16) are

certainly better than those based on RMSD (Figures
10-12).

Figure 17(a) to (c) shows the variation of the equiva-
lent stiffness (k) for Specimens 1, 2 and 3, respectively,
with time. The hydration process is accompanied by the
formation of strength-related compounds and bonding
between them. The concerned mechanism for the stiff-
ness can be explained as follows. During the plastic
phase (first few hours), the equivalent stiffness values
are significantly higher during early hydration phase (1,
3,5,9, 24, 48 and 72 h). which is highlighted in closer
view of initial long-term hydration curve (see Figure
17(a)). This is because the concrete ingredients start ico-
nic exchange and actively participate for setting of
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Figure 12. RMSD variation for Specimen 3 during hydration monitoring: (a) embedded sensor, (b) rebar bonded sensor and (c)
MFBPS sensor.

Table |. Mechanical impedance of combinations of spring, mass and damper.

Combination X y x vs frequency y vs frequency
! m' —k(c?+ wm?) 0
—%— C?+ (owm)? w(c—2 + (wm)_2> F

concrete. As the reaction progresses, along with setting  completes, strength compound formation continues for
compound, the initial strength (long fibre-CSH) com- several weeks. The progressive filling of the void spaces
pounds start forming. Once the setting period in the paste with reaction products results in a decrease
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Figure 13. Validation of mechanical impedance of Specimen |
in 170-180 kHz: (a) real part versus frequency and (b) imaginary
part versus frequency.

of water filled capillary pores. With the high specific
surface area (100-700 m? per gramme) and additive
property of CSH (Short fibre) gel, the cement concrete
converts from mineral structure to fundamental early
firmed structure (Kosmatka and Panarese, 1988; Mehta
and Monteiro, 2014; Mindess and Young, 1981). This,
indeed, is confirmed by the significant increase of the
equivalent stiffness for first 3 days. This is clearly evi-
dent for Specimens 1, 2 and 3 (Figure 17(a)—(c), respec-
tively). As the day progresses, the microstructural
changes happen to attain fully strength and hardened
cement concrete based on characteristic of CSH gel.
Commensurate trend of piezo-identified stiffness varia-
tion (not significantly increases) around 21 days of
hydration and afterwards can be observed for all the
three specimens (see Figure 17(a)—(c)). Again, the varia-
tion of the equivalent stiffness is certainly much more
correlative with hydration than RMSD.

Figure 18 collectively represents the variation of the
piezo-identified equivalent damping parameter for
Specimens 1, 2 and 3. In general, the damping beha-
viour of concrete is quite complicated when it transits
from the plastic to the hardened state. Mostly, the
damping decreases with the formation of the strength
compounds and densification, which can be clearly

-125

170 172 174 176 178 180
Frequency(kHz)

(b)

Figure 14. Validation of mechanical impedance of Specimen 2
in 170-180 kHz: (a) real part versus frequency and (b) imaginary
part versus frequency.

observed in Figure 18(a) to (c) through complete hydra-
tion monitoring. In general, damping may be depen-
dent on the small residual internal friction in the fresh
concrete and can be assumed to be of a hysteretic char-
acter. Damping of homogeneous fluid is proportional
to the amplitude of given dynamic force. However, for
fresh concrete, in plastic state (during the initial phase
of hydration), large energy absorption occurs due to
the plastic deformation (Arnaud and Thinet, 2000a,
2000b). Therefore, the piezo-identified damping
decreases rapidly during early hydration hours (see
Figure 18(a)—(c)). After the early hydration period, the
setting compounds render the concrete to loose plasti-
city and temperature and air tends to promote moisture
loss due to evaporation. This process is also called as
de-aeration stage (removal of entrapped air). During
the de-aeration stage, the energy absorption decreases
rapidly (Lane and Ozyildirim, 1998). Similar behaviour
has been reported for piezo-identified damping values
over (2-6 days), as can be clearly observed from Figure
18 for all the three concrete specimens.

After the de-aeration stage, segregation of ettringite
and monosulfoaluminate introduces bonding between
the paste and the aggregate (formation of CSH gel of
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Figure 15. Validation of mechanical impedance of Specimen 3
in 170-180 kHz: (a) real part versus frequency and (b) imaginary
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low density). After the formation of final hardened
concrete, the voids and micro cracks appear due to eva-
poration and shrinkage, which further more decreases
the piezo-identified damping values. Hence, piezo-
identified damping values decrease from 6 to 21 days
of hydration as can be in Figure 18(a) to (c). The
results from Sample 3 shows some abnormality but for
Samples 1 and 2, piezo-identified damping values com-
plement with cement hydration mechanism.

Again, the equivalent parameter offers far better
explanation for the hydration process than the RMSD
variation of other piezo configuration in specimen.
From the above concrete hydration study with pro-
posed sensor location, it is found that the new piezo
location produces much agreeable result with physically
observable physio-chemical changes of plain concrete
and has improved sensor reading over other existing
configurations (Talakokula and Bhalla, 2015;
Talakokula et al., 2016).

The above analysis clearly reinforces that the piezo-
identified k, m and ¢ for the metal foil configuration are
competent in realistically identifying the various stages
of hydration process in concrete. Figures 19 to 21 pro-
vide a plot of parameters in non-dimensional form.
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Based on these plots and the observations during the
hydration-related experiments, attaining a value of 0.4
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Figure 17. Variation of PZT identified equivalent stiffness with
hydration progression: (a) Specimen I, (b) Specimen 2 and (c)
Specimen 3.

Figure 18. Variation of PZT identified equivalent damping with
hydration progression: (a) Specimen |, (b) Specimen 2 and (c)
Specimen 3.
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by the non-dimensional parameters k, m and ¢ provides
an indication that the hydration process has reached
completion level commensurate with the 28-day curing
normally accepted in the concrete industry.

5. Conclusion

From the results of the present study, it is concluded
that the metal foil-based configuration has significant
potential and possible applicability for hydration

monitoring of concrete structures, especially where the
accessibility is restricted, such as in nuclear power
plants and large railway and highway bridges. The
equivalent structural parameters were extracted from
the piezo-coupled signature acquired by the MFBPS
configuration for monitoring the physio-chemical
changes in cement concrete. The study focused about
exploring the ability of the metal foil-based PZT con-
figuration to predict both the early and long-term
hydration behaviour of cement-based materials and to
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accurately estimate their setting time, commensurate
with equivalent mass, damping and stiffness. The PZT
patch attached to metal foil is able to quantitatively
monitor hydration of concrete as observed from the sig-
natures and the equivalent parameters and can be used
as an appropriate technique for health monitoring of
concrete structures with structural complexity. It pro-
vides a more realistic analysis as compared to the statis-
tical RMSD index. Furthermore, based on non-
dimensional mass, stiffness and damping parameters,
meaningful decisions about the present stage of hydra-
tion can be easily arrived at. An appropriate time value
can be observed from these results to remove the form-
work from structural elements. The proposed metal foil
configuration has advantages that it is reusable and at
the same time much easy to implement in situ com-
pared to other configurations, namely, the surface
bonded, rebar bonded and embedded, which require
skilled manpower and also rule out the possibility of
reuse. It can be used for inaccessible positions of struc-
ture also. Hence, the proposed hydration-monitoring
sensor has high potential in the concrete industry.
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