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Detection of Setting Time During Cement
Hydration Using Multielectromagnetic
Parameters of Patch Antenna Sensor
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Abstract— This article analyzes the feasibility of detecting the
setting time of concrete paste using three electromagnetic param-
eters based on a novel patch antenna’s return loss, bandwidth,
and resonant frequency while embedded in cement paste. They
also used two data fusion methods to reduce errors in predicting
the setting time using the dielectric constant of cement paste.
As the hydration of concrete increases, the moisture content of
cement paste decreases, causing the dielectric constant of cement
paste also to decrease. The radiation efficiency (represented by
the return loss), bandwidth, and resonant frequency of the patch
antenna shift due to variations in the dielectric constant of the
covering material. The electromagnetic parameters were used
to obtain the setting time. Theoretical analysis and a setting
time experiment verified the relationship between the selected
parameters and the dielectric constant of the cement paste.
Errors were reduced from 10.7% to 4.25%.

Index Terms— Bandwidth, cement paste, patch antenna, res-
onant frequency, return loss, setting time, structural health
monitoring.

I. INTRODUCTION

CONCRETE structures are widely used worldwide [1],
[2]. Cement setting time is one of the most important

parameters during the construction of concrete structures [3],
[4], [5]. Timing the cement setting period by the standard Vicat
apparatus (VA) has been reported to have problems due to the
need for continuous tests and experienced workers [6], [7]. The
automatic VA (AVA) is a possible way to solve the problem
[8]. However, the price of one AVA is much higher (over
$3000 for the Humboldt Automatic, not including accessories),
which is unsuitable for utilization in actual conditions. And the
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TABLE I
EXISTED SETTING TIME DETECTION METHOD

penetration-based detection method needs to insert a needle
into the specimen to obtain the penetration resistance [9],
which can cause minor damage to the unhardened concrete
and visual offense [10]. Other possible methods listed in
Table I also have similar problems. These conditions create
a disqualified setting time unfit for construction [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19]. Considering the
potential risk of corrosion, short-circuit, and open-circuit, the
power system should be redesigned when cables are embedded
inside the concrete. An automatic, wireless detection method
is needed for a better observation.

To solve the abovementioned problem, the authors proposed
several patch antenna sensors, expected to sense the setting
time of cement passively and wirelessly [22], [23]. The reso-
nant frequency shifts can reflect the moisture content change
during the cement hydration and consequently determine the
setting time of the cement. And an radio frequency identifi-
cation (RFID) reader can interrogate the resonant frequency
of the patch antenna wirelessly without a power supply on
the node. However, the patch’s resonant frequency depends
not only on the moisture content of the covering material but
also on other environmental impacts. This influence is even
larger when the detection of backscattering wave is needed
for the wireless interrogation. One of the most traditional
and effective way to get rid of environmental impacts is
decouple the influence by multiparameters [24], [25]. Using
multiparameters to detect the setting time together is expected
to show a potential dealing with environmental effects by
decoupling the influence of each environmental parameter
(e.g., temperature, humidity), while the effectiveness of the
multiparameters for setting time detection is still unknown.
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Fig. 1. Concept figure of patch antenna. (a) Model of typical patch antenna.
(b) Test setup.

This article evaluates the effectiveness and workability of
a patch antenna’s multiparameters for detecting the cement
hydration setting time, namely the patch antenna’s resonant
frequency, radiation efficiency, and bandwidth. The moisture
content of the covering material will influence the impedance
matching of the antenna sensor, causing a shift in bandwidth
and radiation efficiency. Based on this relationship, the extra
two parameters are expected to achieve the setting time detec-
tion in a different root other than using the resonant frequency
of the patch antenna. The authors used theoretical analysis and
simulation to analyze the radiation efficiency and bandwidth
of a regular rectangular patch antenna, which proved to have
a nearly linear relationship with the dielectric constant change
of the covering material. Then, the other two parameters were
utilized to detect the setting time of the cement, as well as the
resonant frequency. Since a vector network analyzer (VNA)
was utilized to interrogate the proposed patch antenna, the
return loss was used instead of radiation efficiency. The initial
and final setting times are then obtained from the peak value
of the change rate of above three parameters separately.

This article is arranged as follows. Section II calculates the
fundamental relationship between the antenna characteristic
(resonant frequency, return loss, and bandwidth) and the
dielectric constant of the upper material. This relationship is
further confirmed by simulation in an Ansoft high-frequency
structure simulator (Ansoft HFSS) in Section III. An exper-
iment is then carried out, which was designed to measure
cement’s setting time and to check the workability of the three
utilized parameters. Conclusions are then drawn, and future
research potential is discussed.

II. METHODOLOGY

To detect the setting time, the resonant frequency, return
loss, and bandwidth are examined based on their linear
relationship with the change in moisture content of the top
layer of cement. In this section, the ties between the cement
setting and moisture content are first clarified by defining the
mechanics behind the hydration principle of cement. Then, the
dielectric constant of the top cement layer is tested to prove its
linear relationship with the moisture content according to the
homogeneous medium assumption. The final step is to analyze
the effects of the changes in the dielectric constant in this
upper layer of cement based on the three selected parameters.

A. Relationship Between Moisture Change and Setting Time

The very early stage of cement hydration can be divided
into four parts: the initial reaction period, induction period,
acceleration period, and post-acceleration period. The initial
setting happens at the end of the induction period. Based on the
previous research [22], the initial setting time can be directly
obtained from when the moisture content first changes rapidly.
The final setting time is assumed to happen in the medium of
the acceleration period. The hydration speed of the final setting
time is assumed to be a peak, as described in (1). The setting
time of cement paste can be obtained from the change rate of
the moisture content

g(tfin) > g(tfin ± 1t), 1t ∈ R (1)

where tfin is the final setting time and 1t is the time step. g(tfin)

is the change rate of moisture content, which is equal to the
differential coefficient of the moisture content f (t), as defined
in the following equation:

g(t) = f ′(t). (2)

B. Moisture Change During Cement Hydration

In the very early age of hydration, cement can be regarded
as a homogeneous material mixed with water, cement, and
air [26]. The dielectric constant of the cement paste K can be
regarded as the combination of the contents dielectric constant.
Since the dielectric constants of cement and air are nearly the
same compared with the dielectric constant of water, they are
regarded as the same to simplify the calculation, described as
follows [27]:

D0.5
= R1 D0.5

w + (R2 + R3)D0.5
s (3)

where R1, R2, and R3 are the volume fraction of water, cement,
and air. Dw, Ds , and D are the dielectric constant of water,
cement, and mixed cement paste. The value of Dw and Ds is
set as 82 and 4 based on previous research [28]. As presented
in Yi et al. [22], [23], assuming the moisture content decreases
from 25% to 10% during the very early hydration state, the
change in the dielectric constant of cement paste is nearly
linear based on (3). Hence, it is possible to monitor the
moisture content by detecting the dielectric constant of cement
paste.

C. Effects on Resonant Frequency, Return Loss,
and Bandwidth

The radiation factor of a patch antenna can be selected to
evaluate the average dielectric constant of nearby material.
A typical rectangular patch antenna shown in Fig. 1(a) consists
of a radiation patch, a dielectric board, and a ground plane.
During the measurement, the patch antenna can be interrogated
by the plane wave wirelessly or via the feed line, as shown in
Fig. 1(b). Since this article mainly focuses on the performance
test of the proposed sensing node and parameters, the wired
interrogation system was selected as the test objective [29],
[30]. The wireless interrogation will be the next step by
measuring the radar cross section (RCS) curve instead of the
S11 curve. The interrogation system will be renewed to deal
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with complex environmental effects and lengthen the detection
distance in the future.

The selected sensing parameters are radiation efficiency
(replaced by return loss in this article), bandwidth, and reso-
nant frequency. It should be noted that although the proposed
three parameters can also be obtained from the RCS curve
wirelessly, accurately detecting the proposed parameters will
be a new important topic. In this section, the relationship
between selected parameters and the dielectric constant of the
patch antenna’s upper material is calculated theoretically based
on the radiation theory.

The first parameter is the resonant frequency. The resonant
frequency f0 of a typical rectangular patch antenna can be
calculated by [31]

f0 ≈ c/2Lr
√

ε1 (4)

where c is the light speed, ε1 is the dielectric constant of
the board, and Lr is the length of the patch antenna radia-
tion patch. The covered cement mainly affects the resonant
frequency by the fringe effect, which is considered in the
following equation based on previous research [22], [23],
(5), as shown at the bottom of the page, where ε2 and ε3 are
the dielectric constant for the covered cement and air. q1n , q2n ,
and q3 are the effect factor for the dielectric board, covered
cement, and air. q4 is the revised factor for the error caused by
the assumption of an infinite air layer. Combining (4) and (5),
the effects of the covered cement on the resonant frequency
can be summarized as

f0 ≈ c/2Lr
√

εe. (6)

The next parameter is bandwidth. The quantity factor mainly
decides the bandwidth of a patch antenna. As mentioned in
the research of Balanis [32], assuming the limit of the voltage
standing wave ratio (VSWR) is ρ, the bandwidth BW within
the range ρ is

BW ≈
ρ − 1
QT

√
ρ

(7)

where QT is the quantity factor calculated by

QT =

[
120λ h1Gr

εeab(1 − 3.4He)
+

δskin

h1
+ tan δ

]−1

(8)

where λ is the wavelength of the patch antenna. a and b are
the length and width of the patch antenna. δ and δskin are the
patch antenna’s loss tangent angle and skin depth. He and Gr

are constant values.
Based on Yang et al.’s research, the effective width, Wef,

and dielectric constant, εe, of the patch antenna will increase
when covered by dielectric material with a dielectric constant
higher than the dielectric board. Hence, the effect of covering
cement on the bandwidth can be described as

BW = F(εe, Wef). (9)

Based on (9), the bandwidth will change with the dielectric
constant and the width. According to Bahl et al. [33], the
bandwidth will increase with the dielectric constant of the
covering material. Hence, it can be used as a sensing parameter
if the relationship is linear enough.

The final parameter is return loss. The return loss can
be regarded as the representation of the antenna impedance
matching, which can be calculated as

S11 = −20 log(1/|0|) (10)

where 0 is the voltage reflection coefficient defined as

0 = (Z in − Z0)/(Z in + Z0) (11)

where Z0 is the characteristic impedance defined by (12),
nearly constant when the antenna parameter is decided. Z in
is the input impedance of the antenna. Equation (13) clarifies
it by a function of the signal frequency f

Z0 =
√

L/C

=
377
√

εe
×

[
Wl

hl
+ 1.393 + 0.667 ln

(
Wl

hl
+1.444

)]−1

(12)

Z in( f ) = R
/(

1 + Q2
T m2)

− j
[
RQT m

/(
1 + Q2

T m2)] (13)

where L and C are the equivalent inductance and capacitance
of the antenna. Wl and hl are the width and length of the feed
line. m is a resonant factor defined by (14) R, which is the
equivalent resistance calculated by (15) [32]

m = f/ fR − fR/ f (14)
R ≈ 60c/kε fR (15)

where fR is the resonant frequency. f is the signal frequency.
kε is the permittivity of free space. Since only the return loss
in the resonant point is considered, the input resistance can be
rewritten as

Z in( fR) = R. (16)

Hence, the influence on the return loss can be described as

S11( fe) = F(εe, Wef). (17)

According to (17), the return loss is decided by the patch
antenna’s equivalent dielectric constant and width. Hence,
the proposed three parameters are influenced by the covered
material’s dielectric constant.

D. Environmental Effect

Based on the theoretical calculation below, the resonant
frequency, bandwidth, and return loss are all related to the
dielectric constant of the covering material. Hence, all of them
can detect the setting time of the covered cement paste. When
the environmental effects are not considered, the detected
setting time by these three factors should remain the same.

εe = ε1q1n +
ε1(1 − q1n)

2
×

[
ε2

2q2nq3 + ε2ε3(q2nq4 + (q3 + q4)
2)

]
ε2

2q2nq3q4 + ε1(ε2q3 + ε3q4)(1 − q1n − q4)2 + ε2ε3q4[q2nq4 + (q3 + q4)2]
(5)
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TABLE II
INFLUENCE DEGREE OF ENVIRONMENTAL FACTOR

However, when considering practical utilization, the envi-
ronmental effects will also influence the selected three
parameters. Except for the humidity of cement paste (the
main factor), the main environmental factors are the inside
bar, crack distribution, temperature, interrogation distance, and
electromagnetic interference (EMI).

The inside bar will introduce an extra conductor layer to
the embedded patch antenna. The bar above the patch antenna
can be regarded as an additional resonant member and affects
the resonant frequency [34], while highly influencing the
return loss (radiation efficiency) by changing the impedance
matching when under the patch antenna [35], [36]. The EMI
and interrogation distance will mainly affect the return loss by
decreasing the signal-to-noise ratio (SNR). The crack distri-
bution will shift the bandwidth and return loss by increasing
the loss factor of the concrete [37], [38]. The temperature
is the most significant influence factor. On the one hand,
it can considerably affect resonant frequency according to the
expansion effect of the dielectric board. On the other hand, the
drift effect to the dielectric constant of the dielectric board will
influence the bandwidth, return loss, and resonant frequency.
All of the effects are listed in Table II, and their effectiveness
degree is measured by the following symbols, with ⊚ having
the greatest effect, followed by ◦, which has a median effect,
and × having the least effect.

Hence, though all the sensing parameters help detect the
setting time according to the dielectric constant change of cov-
ered cement, the sensitivity to the environmental factors of all
three parameters is different. Hence, it is possible to decrease
the influence of the environmental factor by measuring these
parameters together [39].

III. THEORY/CALCULATIONS

Based on the analysis in Section II, the dielectric constant
of covered cement can be reflected by the resonant frequency,
return loss, and bandwidth. The relationship is further calcu-
lated in this section to show the detailed relationship. The basic
parameters of the calculated rectangular patch antenna are
determined to simplify the calculation, as Tables III and IV
shown. The equation proposed in Section II is first used for
calculation. Then, a model in HFSS is established to verify
the results.

A. Theoretical Calculation

Based on the equations mentioned in Section II, using
the setting in Tables III and IV, the relationship between

TABLE III
PARAMETERS OF UTILIZED PATCH ANTENNA SENSOR

TABLE IV
PARAMETERS OF UTILIZED ENVIRONMENT

Fig. 2. Relationship between the antenna’s parameters and dielectric constant
of covering cement. (a) Resonant frequency. (b) Bandwidth. (c) Return
loss (S11).

the antenna’s parameters (resonant frequency, return loss, and
bandwidth) and the dielectric constant of covered cement is
shown in Fig. 2.

When the height of the covering cement is kept at 30 mm,
the resonant frequency, bandwidth, and return loss all have a
nearly linear relationship based on the dielectric constant of
the covering cement. These parameters can now obtain the
setting time based on the selected factors.

B. Simulation

The numerical model plotted in Fig. 3 is established in
an Ansoft high-frequency structure simulator 15 (HFSS 15)
based on the parameters in Tables III and IV. A block with
a changeable dielectric constant is set on a rectangular patch
antenna. The dielectric board of the patch antenna is made of
RT/duroid1 5880 laminates. The model is fed by the wave port
at the end of the patch antenna. All models are embedded in
an air box with a length of more than a quarter wavelength of
the antenna to meet the needs of the simulator under far-field
radiation.

Considering the condition with and without cement
(ε2 = 7) as a load, the radiation patterns (ϕ = 90◦) at resonant
frequency are simulated and further shown in Fig. 4. The

1Registered trademark.
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Fig. 3. Analysis model using HFSS 15.

Fig. 4. Radiation pattern of patch antenna with and without cement load.

directivity is similar, while the maximum gain decreases from
5.32 to 3.75 when the cement load has been added.

The S11 curve of the patch antenna is then shown in Fig. 5.
With the increase of the upper cement’s dielectric constant,
the patch antenna’s resonant frequency decreased, but the
bandwidth and the return loss increased.

Then the value of the resonant frequency, bandwidth, and
return loss is calculated from the return loss curve and further
plotted in Fig. 6. Due to the simplification of the model,
the theoretical calculation shows a different value compared
with the simulation. However, the linear trend of the selected
three parameters is the same. Besides, the linear correlation
coefficient for the resonant frequency and bandwidth is higher
than 0.99, indicating excellent workability for the detection.
The linearity for the results of return loss is not satisfactory.
However, it continues to increase monotonically. Besides, the
correlation coefficient achieves 0.95 when using quadratic
function fitting, as shown in Fig. 6(d), which is also good
enough for setting time detection.

IV. EXPERIMENT

An experiment is carried out to confirm the proposed
sensing parameters’ workability further, as shown in Fig. 7.
The antenna sensor is fabricated based on the parameters
listed in Tables III and IV. Three layers of waterproof film
are covered on the antenna to eliminate the effects of contact
with water. Then the fabricated antenna sensor is set inside
an acrylic container. Cement paste with a mix proportion of
0.295 is fabricated and then directly put inside the container
until the height of the cement achieves 30 mm. The measured
condition is shown in Table V. A standard container is also

Fig. 5. Return loss curve of the model.

Fig. 6. Relationship between the antenna’s parameters and dielectric constant
of covering cement. (a) Resonant frequency. (b) Bandwidth. (c) Return loss,
(S11)-linear. (d) Return loss (S11)-quadratic.

Fig. 7. Sensing parameter experiment to confirm workability. (a) Test model.
(b) Test setup.

filled for the standard testing of setting time by a VA. After
that, the antenna sensor is interrogated by a VNA every 10 min
until the cement achieves the final setting.

A. Results From VA

The depth of penetration and state are shown in Fig. 8.
The initial setting time is obtained from the point when the
penetration depth decreases to 68 mm. The final setting time is
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TABLE V
PARAMETERS OF TESTING CEMENT BLOCK

Fig. 8. Data of the VA testing. (a) Initial setting. (b) Final setting.

Fig. 9. Returned loss curve in the experiment. (a) Basic. (b) Selected example.

when the needle cannot produce a scar or mark on the surface
of the cement.

From the measurement, the initial setting time is 215 min,
and the final setting time is 305 min, respectively.

B. Results Using the Parameter Separately

All the measured return loss curves are shown in Fig. 9(a).
Some of them at several different times are selected and
further plotted in Fig. 9(b). With the increase of time, the
resonant frequency and return loss tend to increase, and the
bandwidth tend to decrease, which is fit with the prediction in
the theoretical calculation and simulation in Section III.

Then the selected multiparameters are obtained from the
return loss curve. Normalization is applied to the multipa-
rameters to compare with each other more easily. After that,
a moving window method mentioned by [20] and [21] is
utilized to obtain the change rate. The slope of the fitting curve
within the time range of [ti − 1t /2, ti + 1t /2] is selected to
be the change rate at time ti , as shown in Fig. 10. It can
be regarded as a smooth filtering for multiparameters results

Fig. 10. Basic concept of the proposed moving window method.

Fig. 11. Relationship between normalized resonant frequency and time.
(a) Initial setting. (b) Final setting.

when the change rate is needed. The smooth factor 1t is set
as 60 min (other settings of 1t , such as 40, 50, or 70 min,
also work).

Based on the proposed method, the detected results using
resonant frequency are shown in Fig. 11. As discussed in
Section II-A, the time when the resonant frequency starts
to increase rapidly is regarded as the initial setting, and the
time when the change rate of the resonant frequency finally
decreases is the final setting time. Due to the environmental
influence or the measurement error, there may have multiple
possible answers which can fit the requirement of the setting
time judgment. Since the influence of hydration is hugest, the
answer followed with the longest monotonous variation range
will be selected as the correct answer. Besides, during the
construction, the identified initial setting time should be no
later, and the final setting time be no earlier compared with the
exact setting time due to the requirement of pouring, pumping,
or set up of scaffolding. Hence, if the following variation range
is similar for several possible answers, the earlier initial setting
and later final setting will be selected as the correct answer.

Based on this rule, according to the measured resonant
frequency, the initial and final setting times were 190 and
305 min, respectively.

A method to the method using resonant frequency, another
method is utilized to obtain the setting time according to the
bandwidth and return loss data, as shown in Figs. 12 and 13,
respectively. It should be noted that only the absolute value of
the change rate has meaning. Since the bandwidth decreases
with time increase, most of the change rate is negative. Hence,
different from the resonant frequency and S11, the final setting
time will be selected when the change rate increases.
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Fig. 12. Relationship between normalized bandwidth and time. (a) Initial
setting. (b) Final setting.

Fig. 13. Relationship between normalized S11 and time. (a) Initial set-
ting.(b) Final setting.

C. Simple Data Fusion for Proposed Parameters

Since three datasets were used to obtain the initial and
final setting time, it is possible to increase the measurement
accuracy by evaluating a data fusion method. Two simple data
fusion methods are considered here. The first one directly
compares the detected setting time from the three parameters.
Another utilized data fusion method combines the normalized
three parameters calculated as

C = n f − nb/5 + ns (18)

where C is the combined data. Then, n f , nb, and ns are the
normalized resonant frequency, bandwidth, and return loss,
respectively. Since the change range of the bandwidth is
about five times greater than the other two parameters, the
normalized bandwidth is divided by 5 to consider these three
parameters equally. The combined data, C , and the change
rate of C are then utilized to get the initial and final setting,
as shown in Fig. 14.

The results are compared with each other in Table VI
and Fig. 15. The search for errors comes from the following
possibilities.

Fig. 14. Relationship between combined data and time. (a) Initial setting.
(b) Final setting.

TABLE VI
ERROR OF THE SETTING-TIME DETECTION OF CEMENT PASTE

Fig. 15. Prediction of setting time.

1) System Error: The proposed three parameters’ errors are
highly familiar, so the system error is first considered. The
hydration period of the cement inside the standard container
and the acrylic container may be slightly different, causing
errors in the setting determination.

2) Environmental Influence: The change in the temperature
and humidity of the environment can also affect the final
detected results.

From Fig. 15, the prediction tends to underestimate the set-
ting time, which is safe for the initial setting but dangerous for
the final setting. However, since the error using the proposed
sensing parameters is all within 17% separately, the influence
of underestimation is not severe. One adjusting parameter can
be set in the future to make the final setting prediction safer.
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After the simple average, the average maximum mistake
decreased from 10.7% to 4.75%. This error is further reduced
to 4.25% when considering combined data. That is, the pro-
posed simple data fusion methods can increase measurement
accuracy compared with the worst condition obtained by
the multiparameters. Since the exact setting time cannot be
obtained in real conditions, the proposed data fusion method
can increase the robustness of the measurement.

Besides, due to the selection method proposed in
Section IV-B, compared with the average results, the proposed
simple data fusion tends to get the initial setting time with
the hugest variation range, and the final setting time with the
largest value. Hence, the error trend is inconsistent between the
proposed simple data fusion and average results. The utilized
methods only show a possible way to obtain better results by
data fusion. Since the multiparameters have been verified to be
effective for setting time detection, a better data fusion method
using proposed multiparameters is expected to be proposed to
deal with the possible environmental noise in the future. After
that, the wireless detection method is planned to be analyzed.

V. CONCLUSION

This article introduced three parameters (resonant fre-
quency, return loss, and bandwidth) of the patch antenna
sensor to detect cement setting time. An equivalent model
based on conformal mapping theory was proposed to verify
the workability of the proposed sensing parameters. Then
an HFSS model, version 15, was established to check the
results further. Next, the patch antenna sensor was fabricated,
and experiments were conducted to test the sensor in the
laboratory. The error for setting time prediction was within
17% for each parameter separately, and the average error was
smaller than 11%, indicating all the parameters are effective
for setting time detection. This error can be decreased by 5%
after considering the simple data fusion methods. Since the
environmental disturbances are different for the proposed three
parameters, this sensor is expected to reduce the environmental
effects by measuring these parameters together.
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[20] G. Trtnik, G. Turk, F. Kavčič, and V. B. Bosiljkov, “Possibilities of using
the ultrasonic wave transmission method to estimate initial setting time
of cement paste,” Cement Concrete Res., vol. 38, no. 11, pp. 1336–1342,
Nov. 2008.

[21] J. Carette and S. Staquet, “Monitoring the setting process of mortars by
ultrasonic P and S-wave transmission velocity measurement,” Construct.
Building Mater., vol. 94, pp. 196–208, Sep. 2015.

[22] Z. Yi, S. Xue, L. Xie, and G. Wan, “Detection of setting time in cement
hydration using patch antenna sensor,” Struct. Control Health Monitor.,
vol. 29, no. 1, pp. 1–10, Jan. 2022.

[23] Z. Yi, S. Xue, L. Xie, G. Wan, and C. Wan, “A slotted-patch antenna
sensor with higher sensitivity for detecting setting time of cement paste,”
IEEE Trans. Instrum. Meas., vol. 71, pp. 1–13, 2022.

[24] Y. Romero, R. M. A. Velásquez, and J. Noel, “Development of a
multiple regression model to calibrate a low-cost sensor considering ref-
erence measurements and meteorological parameters,” Environ. Monitor.
Assessment, vol. 192, no. 8, pp. 1–11, Aug. 2020.

[25] S. Turrisi, A. Cigada, and E. Zappa, “A cointegration-based approach
for automatic anomalies detection in large-scale structures,” Mech. Syst.
Signal Process., vol. 166, Mar. 2022, Art. no. 108483.

[26] F. W. Taylor, Cement Chemistry, 2nd ed. London, U.K.: Thomas Telford
Publishing, 1997.

[27] X. Zhang, X. Z. Ding, C. K. Ong, B. T. G. Tan, and J. Yang, “Dielectric
and electrical properties of ordinary Portland cement and slag cement in
the early hydration period,” J. Mater. Sci., vol. 31, no. 5, pp. 1345–1352,
Mar. 1996.

[28] Z. J. Sun, “Estimating volume fraction of bound water in Portland
cement concrete during hydration based on dielectric constant measure-
ment,” Mag. Concrete Res., vol. 60, no. 3, pp. 205–210, Apr. 2008.

Authorized licensed use limited to: TONGJI UNIVERSITY. Downloaded on October 19,2023 at 02:40:29 UTC from IEEE Xplore.  Restrictions apply. 



YI et al.: DETECTION OF SETTING TIME DURING CEMENT HYDRATION 8005909

[29] R. Kozak, K. Khorsand, T. Zarifi, K. Golovin, and M. H. Zarifi, “Patch
antenna sensor for wireless ice and frost detection,” Sci. Rep., vol. 11,
no. 1, pp. 1–11, Jul. 2021.

[30] T. V. Padmavathy, D. S. Bhargava, P. Venkatesh, and N. Sivakumar,
“Retraction note: Design and development of microstrip patch antenna
with circular and rectangular slot for structural health monitoring,” Pers.
Ubiquitous Comput., vol. 22, no. 5, pp. 883–893, Aug. 2023.

[31] S. Xue, Z. Yi, L. Xie, G. Wan, and T. Ding, “A passive wireless crack
sensor based on patch antenna with overlapping sub-patch,” Sensors,
vol. 19, no. 19, p. 4327, Oct. 2019.

[32] C. A. Balanis, Antenna Theory: Analysis and Design, 4th ed. London,
U.K.: Wiley, 2016.

[33] I. Bahl, P. Bhartia, and S. Stuchly, “Design of microstrip antennas
covered with a dielectric layer,” in Proc. Antennas Propag. Soc. Int.
Symp., vol. 18, Mar. 1980, pp. 589–592.

[34] S. Xue, Z. Yi, L. Xie, and G. Wan, “Double-frequency passive defor-
mation sensor based on two-layer patch antenna,” Smart. Struct. Syst.,
vol. 6, no. 27, pp. 969–982, 2021.

[35] L. Ukkonen, L. Sydanheimo, and M. Kivikoski, “Effects of metallic plate
size on the performance of microstrip patch-type tag antennas for passive
RFID,” IEEE Antennas Wireless Propag. Lett., vol. 4, pp. 410–413,
2005.

[36] L. Sydänheimo, L. Ukkonen, and M. Kivikoski, “Effects of size
and shape of metallic objects on performance of passive radio fre-
quency identification,” Int. J. Adv. Manuf. Technol., vol. 30, nos. 9–10,
pp. 897–905, Oct. 2006.

[37] J.-L. Liu, J.-Y. Xu, S. Lu, and H. Chen, “Investigation on dielectric
properties and microwave heating efficiencies of various concrete pave-
ments during microwave deicing,” Construct. Building Mater., vol. 225,
pp. 55–66, Nov. 2019.

[38] Y. Chen, Y. Wen, and P. Li, “Characterization of PZT ceramic transducer
embedded in concrete,” Sens. Actuators A, Phys., vol. 128, no. 1,
pp. 116–124, Mar. 2006.

[39] F. M. Tchafa and H. Huang, “Microstrip patch antenna for simultaneous
strain and temperature sensing,” Smart Mater. Struct., vol. 27, no. 6,
Jun. 2018, Art. no. 065019.

Zhuoran Yi received the B.S. and M.S. degrees in
civil engineering from Tongji University, Shanghai,
China, in 2018 and 2021, respectively.

His current research interests include the smart
sensors for the structural health monitoring and
FMCW-based radio frequency identification (RFID)
detection systems.

Songtao Xue received the B.S. degree in mechan-
ics engineering from Tongji University, Shanghai,
China, in 1985, and the M.S. and Ph.D. degrees
in structural engineering from Tohoku University,
Sendai, Japan, in 1989 and 1991, respectively.

From 1991, he was as an Assistant Professor
with the Department of Architecture, Tohoku Uni-
versity, and then promoted to an Associate Professor,
in 1995. Since 1996, he has been with Tongji Univer-
sity, where he is a Full Professor. In 2010, he joined
the Department of Architecture, Tohoku Institute of

Technology, Sendai, where he is currently the Director with the Department
of Architecture. His research interests include structural health monitoring,
seismic engineering, and structural vibration control.

Liyu Xie (Member, IEEE) received the B.S. and
M.S. degrees in mechanics engineering from Tongji
University, Shanghai, China, in 2000 and 2003,
respectively, and the Ph.D. degree in system design
engineering from Keio University, Tokyo, Japan,
in 2009.

Since 2009, he has been with the College of Civil
Engineering, Tongji University, where he is currently
an Associate Professor. His current research interests
include smart sensors, structural health monitoring,
and structural vibration control.

Guochun Wan (Member, IEEE) received the M.S.
and Ph.D. degrees in transportation information
engineering and control from Tongji University,
Shanghai, China, in 2005 and 2011, respectively.

In 2002, he became an Associate Professor
with Tongji University, where he joined with the
Department of Electronic Science and Technol-
ogy, in 2006. His current research interests include
signal and information processing, with an empha-
sis on error-correcting coding, VLSI architectures,
radio frequency identification (RFID) strain sensor,

and system-on-chip (SoC) design for communications, and coding theory
applications.

Chunfeng Wan received the B.S. degree from the
University of Electronic Science and Technology
of China, Chengdu, China, in 1997, and the M.S.
degree from Tongji University, Shanghai, China,
in 2001, and the Ph.D. degree in system design
engineering from Keio University, Tokyo, Japan,
in 2009.

Since 2009, he has been with the School of Civil
Engineering, Southeast University, Nanjing, China,
where he is currently an Associate Professor. His
current research interests include structural health

monitoring and smart maintenance for civil infrastructures.

Authorized licensed use limited to: TONGJI UNIVERSITY. Downloaded on October 19,2023 at 02:40:29 UTC from IEEE Xplore.  Restrictions apply. 


