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Abstract

This paper proposes an electromechanical impedance measurement (EIM)-based solution for monitoring concrete matu-
rity that refers to concrete strength development at the early stage. A smart aggregate (SMA) that consists of a water-
proofed piezoelectric patch is developed. The working principle is explained based on the impedance theory of an
electromechanically coupled system. A finite element (FE) model of the EIM-SMA unit is established. The stiffness of the
applied spring foundation is varied to emulate the concrete hardening process. The simulation results reveal that a peak
located between 60 and 70 kHz in the impedance plot could be used as an indication to reflect the stiffness variation of
the spring foundation. A 3D-printed mold is designed for rapid production of the EIM-SMA units. In the experiment,
two sample EIM-SMA units are used to monitor fresh concrete maturity in the first 6 h after casting. The results of the
two sample EIM-SMA units agreed well. The experimental results matched the simulation prediction. Compared to a
bar-dropping test that is widely adopted at construction sites, the impedance evolution of an EIM-SMA unit is much
smoother and has better monotonicity. In general, the proposed method has been proven to be a reliable solution to
monitor the maturity development of concrete.
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l. Introduction process to determine the appropriate finishing start
time. Monitoring concrete maturity could also help

Concrete is the most widely used material in civil engi- determine the optimal time to demold concrete
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standing the hydration process of concrete is greatly
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components. The importance of investigating the con-
crete hydration process is not limited to the above
cases.

According to the literature review, researchers
attempted to monitor the concrete hydration process
by measuring different physical parameters. It is well-
known that the ultrasonic wave speed depends on the
material’s bulk modulus (Hauptmann et al., 1998).
Since the bulk modulus of the concrete varies during
the hydration process, the ultrasonic wave speed
change could reflect the concrete hardening status.
Based on this principle, Lee et al. (2004) proposed to
monitor the hydration process by measuring the ultra-
sonic wave propagating speed in the concrete structure.
However, a specific sample with a certain thickness has
to be prepared in advance. Moreover, the instrument
for measuring the ultrasonic wave speed is relatively
complicated, especially for building workers without
related knowledge. Therefore, this method is not suit-
able to be widely adopted at construction sites. Xiao
and Li (2008) proposed to measure the electrical elec-
tricity of concrete through a non-contact way to deter-
mine its hydration status. The electrical resistivity
evolution indicated the hydration development, and the
differential provided an assessment of the rate of
hydration occurring in the concrete. Since the electrical
resistivity measurement apparatus is expensive and the
concrete needs to be cast into a specific mold, this
method is not practical for real applications at con-
struction sites. During the hydration process, chemical
transformation occurs in concrete. Different chemical
composition absorbs different wavelength lights. Based
on this principle, Ylmén et al. (2009) irradiated the
sample concrete with infrared light with a span of dif-
ferent wavelengths. By the infrared spectroscopy
method, the chemical composition, as well as the
hydration status, could be determined. The spectro-
scopic signatures were correlated to the development of
concrete strength. However, the authors admitted that
it was very difficult to interpret the result by studying
spectra only. Generally, the temperature of the concrete
increases during the hydration process since the chemi-
cal reaction releases heat. Tareen et al. (2019) traced
the hydration temperature history, then post-processed
the data to indicate the strength change of concrete.
However, this method may suffer from significant
influences of the weather and environmental impact.
Yang et al. (2010) designed a reusable PZT gadget to
monitor the hydration process of concrete. It consisted
of an aluminum enclosure attached with a PZT patch
inside and two bolts tightened at the bottom. They
measured the impedance of the PZT device and used
the conductance as the indicator to reflect the harden-
ing degree of the concrete structure. Their reusable gad-
get coupled with the concrete material through two
bolts. Thus, the coupling strength was relatively weak.
Moreover, after concrete mixing, they took the

measurements from the third hour onwards. In other
words, the early-stage information was lost. In addi-
tion, it is difficult to remove the reusable gadget from
the concrete structure after complete solidification. Fan
et al. (2021) designed a spherical smart aggregate for
monitoring concrete hydration based on the electrome-
chanical impedance method. Compared to a thin
cylinder-like smart aggregate, the spherical one is more
sensitive and can better detect the concrete status varia-
tion. They used the impedance magnitude as the indica-
tor to reflect the concrete strength development.
Talakokula et al. (2018) bonded a PZT patch to the
surface of a rebar, then placed it in the concrete mate-
rial. The impedance of the coupled system (PZT patch
and the concrete structure) varied with the time during
the hydration process. The hydration process caused an
increase in the impedance. They proposed a non-
dimensional parameter to indicate early-stage concrete
hydration. However, the indication is insufficiently
clear to capture. More relevant literature on the theme
of monitoring and investigating the concrete hydration
process can be found in Kim et al. (2015, 2017), Kong
et al. (2013), Lu et al. (2015), Na and Baek (2018), Rao
and Sasmal (2022), Rapoport et al. (2000), Su et al.
(2019), and Van Den Abeele et al. (2009).

In this paper, we present an electromechanical impe-
dance measurement (EIM) based solution for monitor-
ing the hydration process of fresh concrete in the early
times. Smart aggregates (SMA) embedded with piezo-
electric materials have been developed. The fabrication
procedures of the EIM-SMA units are simple, and the
bare cost is pretty low. The measured impedance results
of the EIM-SMA units can clearly and robustly indi-
cate the hardening status of fresh concrete, especially at
the early stage of the hydration process. In addition,
the measurement can get rid of any human intervention
to avoid any misoperation-caused errors.

2. Working principle

The coupling theory and the impedance method (Xu
et al., 2022) are revisited in this section to explain the
working principle of the proposed EIM-SMA.
According to the electromechanical coupling theory,
the dynamic characteristics of a piezoelectric structure
are governed by the interactions between the piezoelec-
tric element and the structure. The impedance of the
piezoelectric structure is determined by the properties
of the piezoelectric element, the relative location of the
piezoelectric element in the structure, the boundary
conditions of the structure, and the rigidity of the struc-
ture, etc. Figure 1(a) shows the schematic of a piezoelec-
tric structure that consists of a circular-shaped PZT
cylinder and a concrete cylinder. To more easily explain
the dynamic interaction of the piezoelectric structure,
the concrete cylinder is simplified as a lumped mass-
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Figure I. (a) The schematic of a circular shaped PZT patch
embedded in the concrete and (b) a lumped parameter
representation of the PZT-coupled concrete structure.

spring oscillator. Figure 1(b) presents the corresponding
lumped parameter model. The PZT cylinder is treated
as a bar with a certain piezoelectric coupling effect and
elastic rigidity. For the PZT elements of the same model
fabricated by a reliable manufacturer, their properties
(i.e. piezoelectric coupling effect and elastic rigidity) can
be assumed to be the same by ignoring the minor manu-
facturing errors. The concrete cylinder is simplified and
represented by an SDOF mechanical oscillator with the
impedance  of Z=c+ im(0* — w?)/w,  where
w, = \/ki/m, i = /1. m, ks, and c are the mass,
spring constant, and the damping coefficient of the
SDOF mechanical oscillator. The admittance (the reci-
procal of impedance) of the lumped model shown in
Figure 1(b) can be derived as (Liang et al., 1997):

md? (d3YE Zy tan(klA) -
Y =i A 32722 + I _ g2 YE 1
"”—4hA (72 Y Z, Ky &3 —d3p Y, (1)
_ K+ m) K, _ YEnd?
Zy == P2 = tan(zlA)l’ Ky = 2421[,1 K

k=w\/p/Y5. ds and hy are the diameter and thick-

and

where

ness of the piezoelectric cylinder, respectively. ds, is the
piezoelectric constant. For the PZT material, p, Y5, n,

= 0.01 m
x10°m 2 (a)

and &f; are its mass density, modulus at zero electric
field, mechanical loss factor, and dielectric constant at
zero stress, respectively.

After mixing cement and water, the hydration reac-
tion takes place, resulting in shrinkage and hardening.
In other words, the “stiffness” of the concrete (k)
increases. By referring to equation (1), it is known that
the concrete stiffness (k,) change will alter the dynamic
characteristics of the coupled system, which is consti-
tuted by the PZT element and the concrete material. To
be more specific, as the concrete stiffness increases, the
resonant frequency of the coupled system will increase
as well. Therefore, it can be speculated that in the impe-
dance plot, the resonance-related peak will shift toward
the right-hand side. Based on the above principle, we
propose measuring the fresh concrete impedance to
monitor its maturity development.

3. Finite element simulation

In this section, a finite element model, as shown in
Figure 2(a), has been developed using the commercial
software COMSOL to provide a preliminary verifica-
tion of the above speculation. The PZT-4 material is
used to simulate the PZT element. Concrete material
properties are attributed to the outside cylinder.
Geometric continuity conditions are applied to the
interfaces between the concrete material, the PZT mate-
rial, and the copper alloy. Spring foundation bound-
aries are applied to emulate the surrounding
environment condition (Figure 2(b)). To be more spe-
cific, the stiffness per unit length in the normal direc-
tion of the spring foundation (k) is described based on
the designated material type (Lepillier et al., 2019):

Er(1—v)

ky = (2)

de(1 + v)(1 —2v)

PZT material
Copper alloy

Concrete material
Spring boundary condition

=

(b)

Figure 2. (a) Finite element mesh model of an EIM-SMA unit and (b) schematic of the cross-section with applied spring boundary

conditions.
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Table |I. Geometric and material properties of the EIM-SMA unit.

PZT patch

PZT diameter 20 mm
Density 7500 kg/m?®
Piezoelectric constant ds3 15.08 ¢/m?
Copper alloy substrate

Copper diameter 27 mm
Density 8960 kg/m®
Concrete substrate

Concrete diameter 38 mm
Density 2300 kg/m®

PZT thickness 0.2 mm
Young’s modulus 115.4 GPa
Relative permittivity ¢33 663.2
Copper thickness 0.25 mm
Young’s modulus 110 GPa
Concrete thickness 5 mm
Young’s modulus 25 GPa

where E is the Young’s modulus of the foundation
material, v is the Poisson’s ratio, dris the depth of the
foundation. And the shear stiffness per unit length in
the tangential plane has the value:

Ey

o= —J
" 2d(1 + )

3)

In the simulation, we set the foundation parameters as:
dr = 40 cm, v = 0.3. The Young’s modulus of the
foundation material is varied within the range from
0.25 to 50 GPa (Jurowski and Grzeszczyk, 2015) to
emulate the hardening process of the concrete.

The geometric and material properties of the EIM-
SMA unit are listed in Table 1. It is worth noting that
the commercial PZT wafer on the market usually con-
sists of two layers: one layer of copper alloy substrate
and another layer of PZT ceramic. Most of these para-
meters are consistent with the ones of the physical pro-
totype tested in the experiment. The damping effects of
these materials are described by using loss factors. The
damping effect of the concrete material may vary dur-
ing the hydration process and thus is difficult to
describe accurately. Therefore, commonly adopted val-
ues are used in the simulation. The loss factors of the
PZT material, the copper alloy, and the concrete are
set to be 0.002, 0.003, and 0.04, respectively. An eigen-
frequency analysis is first conducted to investigate the
modal shapes of the EIM-SMA. The PZT patch is
under the open-circuit condition. The first six eigenfre-
quencies are extracted. The modal analysis results are
presented in Figure 3(a). The first three (I, II, IIT) and
the fifth (V) modes are out-of-plane bending modes.
The other two modes (IV, VI) are primarily in-plane
extension modes. However, due to the geometric asym-
metry of the EIM-SMA, they (IV, VI modes) are also
mixed with out-of-plane bending modes. Since a thin
PZT patch usually operates in the 31 mode, it can be
speculated that out-of-plane bending modes can result
in stronger electromechanical coupling strengths.

Subsequently, a frequency domain analysis is per-
formed. The impedance responses of the EIM-SMA
are presented in Figure 3(b). The left and right y-axes
of Figure 3(b) indicate the phase and the magnitude of

the impedance, respectively. It can be noted that there
is one minor wrinkle around 61 kHz. The peak over
the wrinkle region is formed due to the resonance of
the III-mode. However, because the impedance magni-
tude varies over a pretty wide range, the amplitude of
the small peak is inappreciable. In fact, several other
peaks exist on the impedance magnitude curve in corre-
spondence to the other resonant modes. But they are
too small to be noticeable.

The resistance, that is, the real component of the
impedance, is physically related to the damping/dissipa-
tive effect, thus is usually positive. Therefore, unlike the
impedance magnitude that can vary over a wide range,
the phase of the impedance only varies within the fixed
range of [—90°, 90°]. For the above reason, two remark-
able peaks are observed on the phase curve, as shown in
Figure 3(b). The first dominant peak forms around
61 kHz, which corresponds to the eigenfrequency of the
III-mode. The second prominent peak locates near
150 kHz, which corresponds to the eigenfrequency of
the VI-mode. Other vibration modes induced peaks can
also be detected on the phase curve. For example, one
peak corresponding to the I-mode is found around
18 kHz (it is too small to observe on the impedance
spectrum curve); and another peak induced by the V-
mode is observed around 110 kHz. Since the I1I-mode
induced impedance peak is the most prominent, when
the condition of the surrounding foundation varies, its
change can be most conveniently captured to offer a
clear indication.

A parametric study is then conducted by varying the
stiffness of the surrounding foundation. Since we only
need to focus on capturing the change of the III-mode
induced peak in the impedance plot, the frequency
sweep range is limited to [50, 80] kHz. B is a dimen-
sionless parameter to indicate the stiffness of the spring
foundation.

B= (4)

S

where E; = 50 GPa, which is a typical value of the
elastic modulus of concrete. Figure 4 presents the para-
metric study results. It can be clearly observed that
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Figure 3. (a) Modal shapes of the EIM-SMA unit under spring foundation boundary conditions and (b) impedance spectrum.

with the increase of B, the peak in the impedance plot
moves to the high-frequency direction. Moreover, the
phase angle of the impedance decreases. The simulation
results are in good agreement with our previous
speculation.

4. Prototype and experimental setup

The PZT element plays the intermediary role in the pro-
posed EIM-SMA. Because of the introduction of the
PZT patch, we obtain an electromechanically coupled
system that has an impedance property. Due to the
coupling with the concrete material, the impedance
change can reflect the concrete hardening status and
provide a figure of merit to indicate the concrete matu-
rity. In selecting the PZT patches, the ones with strong
piezoelectric coupling effects are preferred to increase
the sensitivity of the EIM-SMA. Moreover, the dimen-
sions of the PZT patches are expected to be small to
reduce the bare cost and miniaturize the EIM-SMA. As
suitable PZT patches are selected, we have to solder the
wires to the electrodes. The wires are reserved for

connecting to the impedance analyzer for measure-
ments. After soldering the wires, we have to do water-
proof treatment for PZT patches before using them to
make EIM-SMA. Otherwise, the two electrodes of a
PZT patch will be short-circuited since fresh concrete
contains water. The waterproof coating should be as
thin as possible, so the piezoelectric coupling effect will
not deteriorate. In the experiment, we coated the PZT
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Figure 4. Impedance curves when the spring foundation
stiffness (3) takes different values.
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patches using insulating paints to form a thin water-
proof layer.

The proposed EIM-SMA is a three-layered struc-
ture. Various methods can be employed to fabricate
such three-layered EIM-SMA units. In this paper, we
present a mold that is designed for the rapid production
of the proposed EIM-SMA. As shown in Figure 5(a),
the designed mold consists of two layers. Each layer of
the mold is further divided into two components. Both
the left-hand side and right-hand side components are
designed with handles to ease the demolding of the
EIM-SMA unit. A pair of screw holes are reserved at
the edges of the two components, so they can be assem-
bled and tightened to form a whole during the casting
process of the EIM-SMA. After being independently
assembled, the bottom layer forms the base with a pro-
truded ring at the center; the top layer has a circular
hole to pour in fresh concrete materials. The bottom
and top layers are assembled through a sleeve connec-
tion. The EIM-SMA mold components were fabricated
using acrylic 3D printers.

Figure 5(b) demonstrates the procedures of using
the designed mold to cast an EIM-SMA unit. We first
pour fresh concrete into the bottom layer of the mold
and fill the bottom layer. Subsequently, we place the
PZT patch at the center of the bottom layer and leave
the wires outside of the mold. Finally, we fit the top
layer on the bottom layer via sleeve connection and fill
the top layer with concrete. Two sample EIM-SMA
units were prepared for being used in the experiment.
The concrete mix design for preparing the EIM-SMA
units is as: ordinary Portland cement (OPC 425): river
sand (averaged diameter < 1.18 mm): water = 1: 0.5:
0.4. Compared to the concrete used at construction
sites, the Young’s modulus of the EIM-SMA units is
smaller because the averaged diameter of the fine river
sands is much smaller (Beushausen and Dittmer, 2015).
The concrete strength increases with larger sand parti-
cle size due to better packing and increased interlocking
between the particles. When larger sand particles are
used in concrete mix design, there is a more efficient
packing of the particles, which reduces the amount of

Assembly

sleeve connection

Step 3

Top Layer

Figure 5. (a) Schematic of the mold components: bottom, top,
and assembly and (b) the procedures for casting an EIM-SMA
unit.

voids in the mixture. This denser packing leads to
improved load transfer and enhanced interlocking
between the particles, resulting in a higher compressive
strength of the concrete. Additionally, larger sand par-
ticles can also contribute to better bonding with the
cement paste, further enhancing the overall strength of
the concrete. The small-sized fine river sands are used
to strike a balance between the strength of the EIM-
SMA units and the smoothness of the surfaces (i.c.
casting accuracy).

A precision impedance analyzer 6500B from Wayne
Kerr Electronics LTD is used to measure the impe-
dance of the EIM-SMA. Its frequency sweep range is
up to 120 MHz, and the impedance measurement accu-
racy is =0.05%. Measurement data can be saved as
CSV files to the USB memory plugged into the USB
ports on the instrument back panel. For a given EIM-
SMA under the free condition, we swept the frequency
from 50 to 80 kHz and noticed a distinct peak between
60 and 70 kHz, which is as expected according to the
previous simulation results. An impedance is a complex
number that can be expressed in terms of its real and
imaginary parts. Alternatively, an impedance can be
expressed in terms of its magnitude and angle. The
magnitude of an impedance depends on many factors
and can vary in a vast range, as well as the decomposed
real and imaginary parts. During the concrete harden-
ing process, the magnitude of the EIM-SMA’s impe-
dance may decrease quasi-monotonically. Thus, the
peak corresponding to the electromechanically coupled
resonance may exhibit a local maximum, which is diffi-
cult to detect. Since the natural limit of the phase angle
is [—90°, 90°], the peak in the phase angle plot will be
more likely a global maximum. For the above reasons,
in the instrument settings, we select the magnitude and
angle of the impedance as the parameters to be
measured.

The whole process of using EIM-SMA units to mon-
itor concrete maturity has been graphically elucidated
in Figure 6. First, we embed the fabricated EIM-SMA
units into the fresh concrete at the construction site.
Then, the preserved wires are connected to the

Raw Data

Impedance Analyzer

Measurement
E:I @ @ @ ﬁost-processmg

Matlab Program

Installation v: =

Hardening status Mature H JMATLAB
| Current status Status prediction

Figure 6. Procedures for using EIM-SMA units to monitor the
hardening status of fresh concrete.

EIM-SMA
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Table 2. Summary of mixture proportions.

Materials Cement OPC Cement GGBS

Water

Coarse agg Fine agg Admix | Admix 2

Mix content (kg/m?) 400 25

170 960 815 1275 3613

Steel bar
(15X500)
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s (25X 1000)

Penetration depth

Concrete

300

(@)

o 100

®
Figure 7. (a) The layout of the concrete test field. Two EIM-
SMA units are embedded in the above area and the bar dropping
test is conducted in the below area and (b) the bar dropping
test procedure.

Phase (degree)

impedance analyzer. Subsequently, we command the
impedance analyzer to make one measurement every
30 min and record the results. In the specific experi-
ment, we measured the results in the first 6 h after con-
crete mixing. The measured results are collected in the
raw data format and stored in the same folder. The
coded MATLAB program automatically identifies the
raw data, analyzes the impedance evolution, and inter-
prets the concrete maturity development. The data pro-
cessing algorithm is described in Appendix 1.

In addition to the proposed method, the convention-
ally widely used bar dropping test at construction sites
has also been conducted in the experiment. Figure 7(a)

Frequency (kHz)

30min —— 60min —— 90min

120min —— 150min 180min

——210min ——240min — 270min —— 300min —— 330min —— 360min

(]
o

~1
W

~1
o

Frequency (kHz)

N
(%

o))
o

200 300
Time (mins)

100 400

Phase (degree)

i

300

200
Time (mins)

100 400

Figure 8. Impedance evolution results of sample-1 during the first 6 h after concrete mixing: (a) the overall phase curve evolution,
(b) the peak frequency shift, and (c) the peak amplitude (phase) change.
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shows the layout of the concrete test field. Two EIM-
SMA units are embedded in the above area. The bar
dropping test is conducted in the below area to avoid
the influence on the impedance measurement. Figure
7(b) illustrates the bar dropping test procedure. Table 2
lists the mixture proportions of the constituent materi-
als for the concrete to be tested and monitored in the
experiment.

5. Results and discussion

The experimentally measured impedance responses of a
sample EIM-SMA unit are shown in Figure 8. As pre-
dicted by the finite element simulation, we focus on
capturing the change of the prominent peak that may
appear between 60 and 70 kHz. The impedance
responses over a wider frequency range are presented
in Appendix 2. Figure 8(a) presents all the phase curves
of sample-1 that were measured with a fixed time gap
of 30 min. The peaks on those curves are marked with
red crosses. Similar to the simulation results in Figure
4, the impedance peak moves in the high-frequency

direction with time, indicating that the concrete hard-
ens. Moreover, the peak amplitude monotonically
decreases over this period. The peak-related informa-
tion (frequency and phase) are extracted and separately
plotted in Figure 8(b) and (c).

From the frequency shift trend shown in Figure
8(b), we can see that its increase rate is low at the begin-
ning of the hydration process, then becomes larger in
the later stage. This phenomenon agrees with the ultra-
sonic pulse velocity (UPV) evolution result reported in
Lee et al. (2004). In the most beginning, the fresh con-
crete acts as a liquid-like viscous suspension for the
embedded EIM-SMA unit and can barely support
shear waves. In the later stage, the cement and the
grains become more firmly connected, and the concrete
material transforms into a solid-like phase. Therefore,
the shear modulus of the concrete material increases
significantly, and the concrete material behaves much
stiffer. As revealed in Figure 8(c), the impedance peak
amplitude (impedance phase) gradually decreases to a
level that approaches —90°. Figure 8(a) shows that the
peak becomes relatively flattened and challenging to
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80 2 -40 —Q
(b) (©)
-50 ¢
’::\T 75+ -
(&)
= :.5;3 -60 |
=3 ] =70 +
: £
= L
65 80l
60 . : . -90 . . ;
0 100 200 300 400 0 100 200 300 400

Time (mins)

Time (mins)

Figure 9. Impedance evolution results of sample-2 during the first 6 h after concrete mixing: (a) the overall phase curve evolution,
(b) the peak frequency shift, and (c) the peak amplitude (phase) change.
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Figure 10. Correlation between the impedance results and the bar-dropping results. For sample-1: (a) peak frequencies—
penetration depths and (b) phase—penetration depths. For sample-2: (c) peak frequencies—penetration depths and (d) phase—

penetration depths.

capture in the later stage. From this point of view,
based on detecting this indication peak between 50 and
80 kHz, this method is only suitable for monitoring the
maturity development of fresh concrete in the first sev-
eral hours after casting.

The experimental results of another sample EIM-
SMA unit are presented in Figure 9. These two sample
units were embedded in the same casting yard and
tested almost simultaneously. Due to many uncertain-
ties in the process of preparing the two sample units,
their impedance responses are not exactly the same.
Nonetheless, the evolution trends in Figures 8 and 9
are in good agreement: the peak moves toward a higher
frequency over time, and the peak amplitude monoto-
nically decreases. By schematizing the fabrication pro-
cess more carefully, we are supposed to obtain more
standardized EIM-SMA units with more consistent
sensing capabilities.

In practical applications, the impedance measure-
ment results cannot be interpreted into concrete matu-
rity in common cognition without any reference

information. Therefore, the results of a widely con-
ducted bar-dropping test are used as the reference. It is
worth noting that since the concrete material is in a
liquid-like phase at the beginning, the bar penetrated
through the whole thickness. Therefore, the bar-
dropping test was conducted after 220 min after con-
crete mixing. The impedances are correlated to the bar-
dropping depths to indicate concrete maturity. In order
to make sure that the established correlation mapping
validates for all EIM-SMA units, the EIM-SMA units
have to be calibrated to exhibit the same initial impe-
dance characteristics under the free condition, that is,
before embedding into the fresh concrete. Assuming
the massive production process of the EIM-SMA can
be standardized, most EIM-SMA units can be
exempted from calibration. In other words, a standar-
dized EIM-SMA unit should have expected impedance
characteristics.

As an example demonstration, Figure 10 shows the
correlation mapping between a series of impedance
results and the bar-dropping results. As the impedance
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peak evolution contains both the frequency shift and
phase change, Figure 10(a) and (b) illustrate the corre-
lations of the frequencies and phase to penetration
depths in the bar-dropping test, respectively. The pene-
tration depth decreases with time as the concrete gets
hardened. It can be clearly observed that the impedance
peak frequency monotonically increases in this process,
indicating the increase of concrete “stiffness,” which
echoes with the hardening of the concrete. On the other
hand, the phase monotonically decreases in this pro-
cess, providing another indication to reflect the con-
crete hardening status. To correlate the impedance
results with the bar-dropping test or other reference
results, we can establish a look-up table or a fitting
function. Given an impedance measurement result
(peak frequency and magnitude), we can interpret it
into the concrete hardening status by referring to the
look-up table or using the fitting function.

It is worth noting that the bar-dropping test results
involve serious fluctuations: though the penetration
depth overall decreases with time, it does not change
monotonically. Moreover, according to practical expe-
rience, the bar-dropping test is affected by many exter-
nal factors. Therefore, several in-parallel bar-dropping
tests often yield non-negligibly different results.
Compared to bar-dropping test results, the impedance
evolution curve is much smoother and has better
monotonicity. In addition, the instrument can perform
impedance measurements automatically without
human intervention, indicating that misoperation-
caused errors can be avoided entirely in the test. Hence,
the proposed approach is a more reliable solution to
monitor the maturity development of concrete.

6. Conclusion

EIM-SMA units have been developed in this paper to
monitor concrete maturity development in the hydra-
tion process. The working principle of the EIM-SMA
units has been explained based on the impedance the-
ory of an electromechanical coupled system. The con-
crete hardens over time during the hydration process,
and the resonant frequency of an EIM-SMA unit that
couples with the surrounding concrete increases. Thus,
the peak in the impedance plot will shift to the high-
frequency direction. The feasibility of the proposed
method has been first verified by an FE simulation,
and we have identified a peak around 60 kHz that can
be used as an indicator to reflect the concrete strength
development. Since the phase of the impedance varies
within the fixed range of [—90°, 90°], the peak on the
phase curve can be remarkably observed and captured
as an indication of the concrete hardening status. A
3D-printed mold has been designed for casting the
EIM-SMA units. An experimental study has been con-
ducted. The test results of the two sample EIM-SMA

units are in good agreement with each other, showing
the repeatability of the EIM-SMA wunits. The test
results also matched the FE simulation predictions to a
large extent. The impedance peak keeps moving in the
high-frequency direction during the hydration process,
indicating that the fresh concrete hardens. Moreover,
the peak amplitude monotonically decreases over this
period. During the initial 6 h, the proposed method
can monitor the maturity development with a resolu-
tion of 30 min. To summarize, it has been proven that
concrete maturity can be monitored by detecting the
impedance peak frequency shift and phase decrease
over time.
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Appendix |: Data processing algorithm

To monitor the maturity development of the concrete,
we have to repetitively measure the impedance every
30 min. With a proper implementation of an advanced
impedance analyzer, the routine measurement task can
be completed by the instrument automatically and even
remotely. Nonetheless, there will be many data files to
process after measurement. Manually processing those
data files in the CSV format is tedious and inefficient.
Hence, a Matlab program is developed to automatically
post-process those raw data files. Before introducing
the logic of the algorithm of the Matlab program, a file
naming scheme is proposed first to let the algorithm
automatically identify those raw data files to be post-
processed. The raw data files must be named with the
same prefix, for example, aggd. A separator, such as a
hyphen ( - ) or an underline ( _ ), comes after the prefix.
The time information should be indicated after the
separator. Examples of acceptable filenames: “agg4-
30mins.csv,” “agg5_210mins.csv.”

Figure A1l shows the flow chart of the data auto-
processing algorithm. The algorithm first searches all
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Display error message
“failed to identify CSV files”

Search .CSV files Read data in .CSV files

Display error message
“Incorrect data format”

Extract related information and
generate plots

Post-processing .CSV
files

Figure Al. Flow chart of the data auto-processing algorithm.

the CSV files in the current directory. If there are no
CSV files in the current directory, the algorithm will
display an error message to the user. According to the
prefixes and the separators that appeared in the file
names, the algorithm will screen all the files first and
identify the test data files. Subsequently, the data files
will be sorted according to the test time information
contained in the file names. The algorithm will read the
data in those files by sequence. If the data files are
incorrectly formatted, the algorithm will display an
error message to remind the users. Assume that the

b b
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data in the files are successfully read by the algorithm,
they will be stored in Matlab working space. A peak
search algorithm will then be used to identify the peaks
and extract the corresponding frequency and phase
information. Afterward, the peak evolution trend will
be plotted out with respect to time to reflect the matu-
rity development of the concrete.

Appendix 2: Impedance responses over
40-200 kHz

Figure A2 presents the experimentally measured impe-
dance responses of the two sample EIM-SMA units.
Similar to simulation results shown in Figure 3(b), the
impedance response pattern is clean: only two evident
peaks appear over the frequency range between 40 and
200 kHz; another minor peak is located between 110
and 120 kHz. Moreover, the peak around 60 kHz is
the dominant one, which is consistent with the simula-
tion prediction. Since the amplitude of the peak around
60 kHz is appreciably large, its change will be easy to
capture. Therefore, we selected to monitor the peak at
around 60 kHz to indicate concrete maturity

(a) Sample-1

40 60 80 100 120 140 160 180 200
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30min —— 60min —— 90min 120min — 150min 180min
40210min —240min 270min 300min — 330min —— 360min
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Figure A2. Experimentally measured impedance responses of the two sample EIM-SMA units over the frequency range of [40,

200] kHz: (a) sample-1 and (b) sample-2.
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development. As for the two sample units, we can find
that their test results are similar. The amplitude of the
peak around 60 kHz decreases with the concrete curing
time. Moreover, the peak location shifts toward the
higher frequency direction during this process. Both
features are observed in Figure A2(a) and (b). Most

importantly, one can note that the variations in the two
indicators can be easily detected from the beginning of
the concrete curing process, which means that this tech-
nique can be applied for monitoring at the early stage
of concrete strength development.



