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Summary

The dielectric constant of cement will decrease with an increase of moisture
content, resulting in an increasing fundamental resonant frequency of a cov-
ered patch antenna. Based on this principle, the authors utilized a patch-
antenna sensor to determine the initial and final setting time of cement during
hydration by sensing the variation of moisture content. The theory of an equiv-
alent dielectric constant model was adopted to exhibit the relationship
between the fundamental resonant frequency of a buried antenna sensor and a
dielectric constant in the covering cement paste. The phenomenon is then veri-
fied by both simulation in a high frequency structure simulator (HFSS) and
experiments. The initial setting time of cement is regarded as the moment
when the moisture content starts to increase rapidly and the final setting time
is taken as the maximum moisture content acceleration. The setting times
measured by the patch antenna sensor are compared with the results of the
penetration resistance method using a Vicat apparatus with a testing error of
less than 10%. A moisture content detection experiment was further carried
out after the paste’'s hydration assuming the specimen was soaked in water.
The results indicate that the resonant frequency of the patch antenna sensor is
sensitive to moisture content change as fine as 4%. with respect to the paste
volume after cement hardening. The buried antenna sensor can detect the set-
ting time during cement hydration and serve as a leakage detection sensor in
service.

KEYWORDS

cement hydration, leakage detection, moisture content detection, patch antenna sensor,
setting time, structural health monitoring

1 | INTRODUCTION

In these modern times, concrete remains an irreplaceable building material in civil engineering, supporting innumera-
ble infrastructures from bridges to power plants.'” As a composite material, it is composed of aggregates, water, and
cement with well-calculated proportions. The stone-like product is then obtained through the hardening process due to
the chemical reaction between cement and water, also called setting. Different kinds of admixtures can be intermixed
to achieve high-strength or high-performance concrete for special uses or requirements.*°
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To ensure the safety and durability of concrete, it is important to periodically survey the strength and state of the
concrete during and after construction, which to a great extent depends on the thoroughness of cement hydration for
ordinary concrete and high-strength concrete.” ' According to Lootens and Bentz,'! the early-age compressive strength
changes almost linearly with the hydration progress, which can be investigated by the concrete setting state. Setting
time is a significant aspect for the early-age constructing process, which has been specified in many building codes,
such as those covering curing'? and watertightness."> With the knowledge of setting time, the time for handling,
transporting, placing and providing the required shape of concrete can be well organized for quality control. Hence, it
is necessary to monitor the setting time of cement hydration during placing for compressive strength evaluation of
early-age concrete.'*

Conventionally, the setting time of cement is monitored by a penetration resistance method such as that made pos-
sible by the Vicat apparatus, which has been selected as the standard schema in European building code
EN196-3-2016."° According to the code, for ordinary Portland concrete, the initial setting time is regarded as the time
when the cement loses its plasticity, which is based on when the penetration resistance is first achieved at 3.4 MPa. The
final setting time is deemed as the time when the cement has sufficient strength with a penetration resistance of
27.6 MPa. The setting time obtained from the penetration method is accurate enough for practical use, however, it
requires skilled workers to test continuously for up to 8 h. Besides, the result obtained from the penetration method
depends on the sample's surface flatness, which will be inaccurate for the concrete lying deeper inside.

To eliminate concrete setting time problems, various testing method have been developed. Koo et al,'®"” proposed a
testing method by analyzing the change of temperature induced by cement hydration. It is easy enough for the setting
time measurement; however, in most cases the temperature shift is smaller than 10°C. Thus, the results are easily
influenced by the daily temperature change especially diurnal temperature variation. Kong et al'®'® designed an
ultrasonic-wave-based setting time monitoring system. Because the characteristics of the stress wave propagation (such
as power spectrum) highly depend on medium properties, the frequency domain analysis of both compressive wave (P-
wave) and shear wave (S-wave) velocities can be utilized to study the very early age cement hydration progress. This
analysis uses cables to supply power and transmit data, which is time- and labor- consuming due to the periodic man-
ual inspections and cable deployment. In addition, the ultrasonic-wave-based monitoring system cost more than the
penetration method. Thus, an urgent need exists to develop a cost-effective, portable system to monitor hydration and
determine the initial and final setting time.

Analyzing the electrical properties of cement during hydration, has led to the development of some low-cost hydra-
tion sensors were proposed. Kazi et al."*#?**! proposed a low-cost setting time measurement system based on the trans-
former principle with a lossy capacitive load. The cement placed between two parallel metal plates behaves as a lossy
dielectric, and the primary current in the cable changes with the process of cement hydration. Manchiryal et al.*>*
developed a dielectric-response-based sensor for cement hydration. The variation in the conductivity of fresh cement
during hydration was investigated to determine the setting time of cement. These sensors are inexpensive and easy to
manufacture. However, these buried sensors are inconvenient for practical use due to the troublesome deployment of
cables; moreover, a passive sensor without power and data cables for hydration process is more desirable for embedded
concrete monitoring. Patch antenna sensor is verified to be effective for the moisture detection.?*2° However, previous
research did not apply it for the setting time sensing of cement or concrete. Besides, these patch antenna sensors mainly
use the reflection coefficient as the sensing parameters, which is unstable when applied to the practical utilization.?”*®

This paper utilizes a rectangular patch antenna sensor as a passive, wireless, and low-cost cement setting time sens-
ing system. The dielectric constant of cement paste will decrease with the process of hydration.® Since the equivalent
dielectric constant of the dielectric board in the patch antenna will increase due to the covering material with a high
dielectric constant,*** the resonant frequency shifts of an embedded patch antenna could reflect a hydration rate and
further determine the setting time of covering cement paste. The resonant frequency of a patch antenna can be mea-
sured by a backscattering system.>**> This passive sensing system can be adopted for massive and distributed deploy-
ment of large-scale infrastructures.’®>® During the service stage of concrete material after hardening, the proposed
patch antenna sensor can be also used to monitor the moisture content of hardened cement and further predict leakage
due to the sensitivity of the cement's dielectric constant to moisture content, which is useful for underwater concrete
structure® and concrete dam.*°

This paper is organized as follows. Section 2 introduces the concept of a setting time sensor based on a rectangular
patch antenna. The resonant frequency of a rectangular patch antenna influenced by covering cement paste is calcu-
lated theoretically to show the sensing mechanism. We then determine the basic parameters for the patch antenna sen-
sor. In Section 3, the sensing mechanism is further tested by simulation in a high frequency HFSS. Section 4 describes
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the fabrication of sensors and the instrumentation setup of the experiments. Setting times are monitored and moisture
content is detected after hardening to verify the performance of the proposed antenna sensor. Conclusions are then
drawn, and future research potential is discussed.

2 | SENSING MECHANISM

A typical rectangular patch antenna consists of a ground plane, a substrate, and a radiation patch, as shown in
Figure 1. Because the radiation parameters (especially scatter parameters) are affected by the physical dimension of the
antenna and the humidity/temperature of the placing environment, the rectangular patch antenna has been used for
wireless sensing and data transmission in structural health monitoring*"** with the advantage of low-cost, low-profile,
conformable properties, and easy fabrication. A rectangular patch antenna sensor was installed on the surface to sense
the quadric stress*®** and cracks.**™*’ The sensor can also be embedded in a structure to monitor humidity*®*° or tem-
perature.®® In general, the dielectric constant of cement will be changed by the degree of moisture content, which fur-
ther shifts the resonant frequencies of the built-in patch antenna. Therefore, the fundamental resonant frequency shifts
could be utilized to present the degree of moisture content and determine the setting time of cement paste.

Since the patch antenna can be utilized to monitor the stress and temperature of attached structure
simultaneously,’® the temperature effect should also be investigated when the sensor is designed for humidity sensing.
According to previous research, the temperature differences caused by concrete hydration is about 40°C in an adiabatic
test.'® Since the fundamental resonant frequency shift caused by temperature change (2 MHz/40°C) is much smaller
than the shift caused by the variation of moisture content (about 40 MHz during early-age hydration),*° the effect of
temperature change is trivial in the antenna sensor design for sensing the setting time. Therefore, the moisture content
effect on the embedded patch antenna is discussed in this paper, ignoring the temperature variation, and the setting
time of the cement paste is obtained from the change rate of moisture content surrounding the patch during cement
hydration.

2.1 | Relationship between moisture content and setting time

The water inside the fresh cement paste exists as free state and gel state, which should be both considered in the mois-
ture content investigation. Generally speaking, the total amount of water inside the fresh cement paste will decrease
with the hydration, which is shown in Figure 2. The reason for losing the free water is due to evaporation and hydra-
tion. According to Xu's survey,™ the evaporation rate of free water keeps nearly constant during hydration.

Free water in fresh cement paste will participate in the hydration of cement (mainly for Ca;SiOs [C3S] very early in
the process) and part of the free water will be transformed into gel water in the micro-pores around the cement gel,
which is shown in Equation 91.

Radiation patch

Ground plane
Dielectric Substrate

FIGURE 1 Concept figure of a normal rectangular patch antenna
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FIGURE 2 Change of free water and gel water inside cement paste during hydration

Ca38i0s + (3 +y —x)H,0 — (Ca0),(Si0;) (H,0), + (3 —x)Ca(OH), (1)

where (Ca0),(SiO,)(H,0), is referred to as C-S-H gel.

When hydration is fully reached, the menisci are no longer present because all the free water has reacted with Port-
land cement.?

The cement hydration has several stages with different hydration rates. Taylor et al** has divided the early cement
hydration into the initial hydrolysis period, induction period, acceleration period, deceleration period. The initial hydro-
lysis period happens after Portland cement and water are intermixed. The cement and water react violently, and soon
the reaction declines. Free water is consumed rapidly during this period. Then the cement paste enters into an induc-
tion period. The hydration nearly ceases due to the formation of a protective layer in the surface of cement particles.
The amount of free water will be affected mainly by evaporation during induction period. The induction period pro-
ceeds until the cement achieves its initial setting. During this period, the protective layer on the surface of a cement par-
ticle is dissolved and the cement will fully lose its plasticity. Cement hydration then enters into the acceleration period
and speeds up again.

With Portland cement as an example, the change of total water testing from actual measurement during the hydra-
tion is shown in Figure 3.>® Stage I refers to the initial hydrolysis and induction period. Stage II refers to acceleration
period, and Stage III refers to the deceleration period. The end of the induction period is the initial setting of cement,
and the final setting happens in the middle of the acceleration period due to the large generation of C-S-H gels, which
is consuming large amounts of C;S. Because the rate of hydration in the acceleration period is mainly determined by
the quantity of C;S, the hydration rate after the final setting will decrease. Based on the hydration process, the moment
of maximum hydration rate (or the maximum change rate of the moisture content) is regarded as the final setting time
of cement paste in this paper.

Moisture content varies due to hydration and water evaporation. As the evaporation rate keeps constant during
hydration,>* the acceleration of moisture content (the second order derivative of the moisture content with respect to
time) can neutralize the interference brought by evaporation. Additionally, the variations in moisture content accelera-
tion are able to represent the state of setting due to hydration. The maximum acceleration is considered the moment
when the cement reaches its final setting time.
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FIGURE 3 Relationship between moisture content and time during hydration®>

Taking moisture content and change rate of moisture content as f{t) and g(¢), g(¢) is the first order derivative of f{t)
with respect to time. Then, the initial setting time is when f{t) starts to decrease rapidly and can be identified from the

moisture content figure. The final setting time 3, is the time when g(f) reaches its maximum value and can be
expressed as follows:

g(t)=£ (1) (2)
g(tan) > g(tin = At) AteR (3)
2.2 | Relationship between early-age concrete strength and setting time

Didier'! defined the relationship between early-age concrete strength and concrete hydration. During the hydration
progress, bridges made by hydration products are built between the cement clinker particles and then transform the
cement paste from a viscous suspension to a rigid load-bearing solid (especially the C-S-H gel noted in early-age hydra-
tion), which further increases the early-age concrete strength. For ordinary Portland cement, a typical relationship
between time and concrete strength is shown in Figure 4.

In general, concrete starts to gain compressive strength at the initial setting and achieves 0.2-1 MPa at the final set-
ting. The concrete will lose flowability and be prone to cracking after the initial setting, so that the continuous construc-
tion of columns, beams and slabs is required to be completed before initial setting. Furthermore, because the concrete
before final setting lacks the strength to withstand bearing pressure, the concrete before the final setting cannot bear

pressure.
2.3 | Relationship between the moisture content and dielectric constant of cement

The dielectric constant of a composite material can be calculated by Birchack's theory.”*>® Therefore, the dielectric con-
stant of fresh cement paste can be calculated by Equation 4 as:

K* :flKjoﬁl,u +f2KZw +f3Kgolid +f4KZir (4)
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FIGURE 4 Relationship between time and concrete strength'!

TABLE 1 Parameters of the cement paste

Parameters K., Ksp Kotia K,ir a
Values 4 82 4 1 0.5
f1+f2+f3+f4:1 (5)

where K is the calculated dielectric constant of the mixed material. fy, f5, f3, fa, and Ky, Ky, Kioria, and Ky, are the vol-
ume fractions and the dielectric constants of free water and gel water, bond water, cement gel and air, respectively. « is
an exponential index with an empirical value of 0.5 for all the dielectric constants.’® The parameters used in Equation 4
are listed in Table 1.

As the dielectric constant of free water is significantly larger than that of bond water, cement gel, and air, the com-
bined dielectric constant of cement paste is governed by the amount of free water. To simplify the calculation and high-
light the effect of free water, the cement paste is divided into free water and other components in the practical
calculation; thus, Equation 4 can be rewritten as

K“ =f ](‘11/\) +fs :)Zther (6>

f1+f5:1 (7)

where K7, . and f5 are the dielectric constant and volume fraction of other components.

Since the effects caused by other components are negligible, the dielectric constant of cement paste could be
expressed as a function of the free water content by Equation 6, which is illustrated in Figure 5. The dielectric constant
with a unit of 1 is relative permittivity, which is defined as the specific value of the capacitance of a capacitor filled with
the given material to the capacitance of an identical capacitor in a vacuum without any dielectric material. From
Figure 5, the dielectric constant of cement paste varies linearly with the free water content. Therefore, the dielectric

constant can be utilized to show the change of free water content.

2.4 | Effect of the covering dielectric material

When the monolithic patch antenna is covered by certain dielectric or covering materials, their effect on the resonant
frequencies of the underlying patch antenna needs to be investigated. To reduce computation complexity, a simplified
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FIGURE 6 Schematic diagram for the covered rectangular patch antenna sensor (a) top view, (b) front view, and (c) axonometric
drawing

physical model is proposed in Figure 6, with an infinite air layer (gray area) and a covering material layer (blue area) in
direct contact with the radiation patch. The electric flux originating from the radiation patch is deflected when passing
through the interface between two different covering dielectric layers,*>° and the resonant frequencies of the covered
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patch antenna change with the dielectric constant variation of the covering materials. According to the theory of con-
formal mapping and the concept of equivalent capacitance, the effect induced by the covering material can be analyzed
by introducing an equivalent model of an uncovered patch antenna replacing the original multilayer model,>”* as
depicted in Figure 7, where W is the width of the monolithic patch antenna, L, is the length of the radiation patch, L,
and is the length of patch antenna; thus, €;, ¢,, and ¢; are the dielectric constants of the patch antenna, covering mate-
rial and infinite air layer, respectively. h,, h,, and h; are the heights of the patch antenna, covering material, and infi-
nite air layer, respectively.

Assuming that the height of the top air layer hj; is infinite compared to h; and h,, the electric flux path, originating
from the radiation patch, has three modes, A, B, and C, as shown in Figure 7a. Path A refers to the electric flux crossing
the dielectric board directly. Path B refers to the electric flux going through the covering material and dielectric board,
and Path C refers to the electric flux passing through the infinite air, covering material, and dielectric board. Consider-
ing the capacitive contribution of each electric flux path, Path A could be equivalent to region S;; Path B could be
equivalent to region S, and to parts of S; and Ss. Path C could be equivalent to region S; and parts of S, and Ss.

The antenna width will be enlarged due to the nonlinear flux path. The effective width W, of the equivalent patch
antenna can be calculated as*:

W =W+ 2 017,08 +0.02 (8)
g /4 ’ 2><I’l1 '

Then the filling fractions q;, g», and g; representing the capacitive effect of three regions with different dielectric con-
stants are expressed by Equations 9-11%°:

= (P w1 (9)
q, = 2Wef hl ef
Ve
hi —v, z cos (2’11) . [ Ve
¢G=1—q,— In||—XxWs———"—+sin (10)
2Wer h z (Z_i _ %) + % 2h;
Ve
hi — v, P cos (2h1) ) 3
gs=———xIn|| —xWg———"——+sin (11)
2Wef hl T (Z_j _ %) + % 2]’[1

where the quantity v, is given by Equation 12 as

. 2h1 ¢ V3 I’lz 1 (12)
Ve = e arctan Wy 2 hl
2hy
o T

& S

,A—\ S, .

2 2 g,

/—\ 82 ,l_ I’] 8_, s] ‘01 &,
[ \ S, & s, ¢,
¢ By Ay &1 I S & I | Ss &1

[ 7 2

(a) (b)

FIGURE 7 Schematic diagram for (a) the equivalent schematic diagram of the magnetic induction line and (b) the equivalent model*’
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Because the filling fraction expressions in the ultimate limit state are ignored when there is no covering material, Equa-
tions 8-12 overestimate the effect of the second layer dielectric board with a dielectric constant of ¢,. To rectify the
error, a new filling fraction g, is proposed by Equation 13°”:

hl T ]’ll
_ in(~ 13
L=ow, n<2+2wef) (13)

The two filling fractions g, and g, are then modified as q;, and g,, by Equations 14 and 15:
=91 =494 (14)
Qon=1—G1n—9q3 =24 (15)

The effective dielectric constant ¢, of the covered antenna can be calculated by

er(l1— Q1n)2 X [€%q2nq3 + €263 (Q2nQ4 +(qs + Q4)2)]

e =€1q1, + (16)
" B0ntsls T er(e2qs Fe3ds) (1 Gun —40)” 26300 [Dana + (5 + )]
Considering the effect of the effective length extension, the adjusted effective dielectric constant €, is rewritten as
26— 1+K
£, = 2t~ 11K (17)
1+K
where K is:
w
K=,/—9 (18)
Wer + 10h;
Finally, the resonant frequencies f of the equivalent patch antenna are obtained by Equation 19:
(19)

f* cn
G

where c is the speed of light, and n is the order of resonant frequency.

The resonant frequencies of the covered patch antenna are only related to the dielectric constant and the height of
the covering material when the patch antenna is buried inside the fresh cement paste. Due to the low gain of the higher
order of resonant frequencies, the fundamental resonant frequency f; is selected as the sensing parameter and defined
in Equation 20.

(20)

3 | NUMERICAL SIMULATION

To investigate the relationship between the moisture content and fundamental resonant frequency, this
section presents the simulation using the estimation equations in Section 2 and the Ansoft high-frequency structure
simulator (HFSS).
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3.1 | Simulation by equivalent model

Based on Equations 20 and 22, a normal patch antenna functioning at around 2.45 GHz is designed, and the parameters
of the patch antenna are listed in Table 2. Assuming the patch antenna is placed inside fresh cement paste, the material
of the top layer is set as air and the material of the second layer is set as cement paste according to the model. The
height of the air is infinite to simulate the outer space.

we &)t (21)
2fbe 2
C
L =— 22
3 (22)

The relationship between the dielectric constant of covering material ¢, and fundamental resonant frequency is
investigated by Equation 19 and is illustrated in Figure 8. From the data in Sections 2.2 and 2.3, the moisture content
changes from 22% to 16% during the early-age hydration period, causing the dielectric constant of the covering material
&, to shift from 12 to 8. To simulate the hydration process reasonably, the height of the second layer dielectric constant
h, is set at 20 mm and the dielectric constant of covering material ¢, changes from 5 to 13 in this calculation example.

Figure 8 presents a nearly linear relationship between the shift of fundamental resonant frequency and dielectric
constant &,. The fundamental resonant frequency decreases from 2.36 to 2.32 GHz with about 40 MHz difference when
the dielectric constant varies from 8 to 12. This is consistent with the results** presented in Section 2.1. In general, the
temperature effect can be ignored in the sensor design.

When a normal patch antenna is embedded inside a high-loss material, the gain of the patch antenna sensor will
decrease and further degrade the far-field communication capability. In general, when the covering material is deter-
mined, the far-field communication capability of the embedded antenna sensor will be compromised by the increased

TABLE 2 Setting domain for parameters of the patch antenna

Parameters W (mm) L, (mm) L (mm) f(GHz) € h; (mm)
Dimensions 51 41.3 54.3 2.45 2.2 0.508
2.46
244 - o Theoretical results
Fitted line
N 242 F
s
@
> 240
9
8
238
&
g 236 |-
)
a
o 234 1
232 -
27'0 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Dielectric constant (1)

FIGURE 8 The relationship between the dielectric constant of the covering material and fundamental resonant frequency of the
covered patch antenna



YI ET AL. Wl LEY 11 of 23

height of the covering-material. However, the fundamental resonant frequency is also influenced by the height of the
covering material due to the reconstitution of the near-field magnetic distribution. Hence, it is necessary to find an
appropriate height range to satisfy the far-field communication demand while keeping the fundamental resonant fre-
quency independent (i.e., out of range) for an uncorrelated relationship with the covering height.

The effect of the covering material height is considered in Equation 20 and shown in Figure 9. In this calculation
example, the dielectric constant ¢, is set as 10, and the height of the second layer varies from 0 to 40 mm.

In Figure 9, the fundamental resonant frequency of the covered patch antenna drops significantly when the cement
paste starts to cover the patch. But the pace of frequency decline slows down with the increasing height of the covering
material, and keeps almost constant after the cement height reaches 35 mm. The covering-material's height must be
over 25 mm to eliminate the effects induced by near-field reconstitution. The thicker the cement paste is that covers the
patch, the weaker the far-field communication capability becomes. According to Zhou's survey,*® the far-field commu-
nication distance decreased to 0.11 m when the height reached 80 mm. To minimize the influence brought by the cov-
ering height and guarantee the far-field communication capability, it is suggested that the covering height should be in
the range of 25 to 80 mm. Besides, the far-field communication distance will be affected by the antenna design, so it is
necessary to further confirm the height range by the simulation based on a specific design, which is described in
Section 3.2.

3.2 | Simulation in HFSS

The effects of the dielectric constant shift and height change are analyzed using the Ansoft high frequency structure
simulator (HFSS). The basic HFSS model consists of a covered patch antenna and a covering material with a change-
able height and dielectric constant, which is shown in Figure 10. The covered patch antenna is fed by a wave port at
the end of the antenna. The model is fully surrounded by an air container. The maximum size of the air container is
about a quarter wavelength to ensure computational accuracy of the far field radiation. The radiation patch and ground
plane are set as Perfect Electric (Perfect E) to satisfy the property of metal, and the material of the dielectric substrate is
set as RT/Duroid 5880. All the parameters of the patch antenna duplicate the parameters in Table 1.

Like the calculation example in Section 2.4, the dielectric constant of the covering material is changed from 5 to
13 in simulation. For each dielectric constant step, the return loss curve is acquired and shown in Figure 11a. The fun-
damental resonant frequency of each step is then extracted from the lowest point of the return loss curve, plotted in
Figure 11b.

From Figure 11b, the fundamental resonant frequency of the patch decreases with the increase of the dielectric con-
stant both for simulation and theoretical results, except a step increase at the middle. This step increase is mainly cau-
sed by the influence of a higher order frequency happened when the dielectric constant of the covered material

= Theoretical results

Resonant frequency (GHz)

Height of covering superstrate (mm)

FIGURE 9 Relationship between the height of the covering material and the fundamental resonant frequency of the covered patch
antenna
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Air box

0 100 200 (mm)

FIGURE 10 Simulation model of Ansoft high frequency structure simulator (HFSS)

increased to 7, as shown in Figure 11a. Assuming dielectric constant equal to 10, the current distribution at 2.26 and
2.8 GHz is then analyzed. From the current distribution, it is obvious that a higher order is caused. However, since only
the trend is analyzed to get the setting time, the step increase can be ignored to simplify the analyzation. The decrease
shift caused by the variation of moisture content and the slope of the two fitted lines shown in Figure 11b are almost
equivalent, which means that the fundamental resonant frequency decreases caused by the covering material (about
40 MHz) is much higher than the temperature effect (about 2 MHz) during the cement hydration.

The relationship between the height of the covering material and fundamental resonant frequency of the rectangu-
lar patch is then simulated with the same parameters as in Section 2.3. The dielectric constant &, is set at 10 and the
height of the second layer varies from 5 to 40 mm with each step of 5 mm. The return loss curve and fundamental reso-
nant frequency are shown in Figure 12.

With the increase of the covering-material's height, both the simulated and theoretical results changed rapidly at
first (before 15 mm) and then started to converge to a constant (after 25 mm). Compared with theoretical results, while
the shift of fundamental resonant frequency in simulated results has more fluctuation with a covering height of less
than 15 mm, the frequency variation seemed to stabilize when the height was over 20 mm. In order to minimize the
influence induced by the covering height and concentrate on the effect of the dielectric shift, the height of the covering
material should be greater than 25 mm for practical use. Furthermore, the return loss of the patch antenna is higher
than —8 dB when the height of the covering material achieves 35 mm. Combining the results from the equivalent
model and HFSS simulation for the used patch antenna sensor, the covering height should be higher than 25 mm and
less than 40 mm.

4 | EXPERIMENT

The experiments are designed to test the performance in the setting time prediction of the proposed patch antenna sen-
sor. The patch antennas for experiments are fabricated using RT/Duroid 5880 and copper, which are the same material
used in the simulation model in Section 3. In addition, P. I 42.5 Portland cement without any admixture was chosen for
the experiment.

41 | Setting time experiment

4.1.1 | Testing methods for experiments

For the patch antenna sensor, the fundamental resonant frequency was wired measured by a vector network analyzer
(VNA) every 10 min. In the future analyzation, it can be interrogated wirelessly by adding RFID chip® or using a
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FIGURE 11 Relationship between dielectric constant of covering material and fundamental resonant frequency. (a) Return loss curve,
(b) scatter diagram for simulated and theoretical results, (c) current distribution at 2.26 GHz, and (d) current distribution at 2.8 GHz

FMCW radar directly.*’ To ensure testing accuracy, each test was repeated three times. The performance of the antenna
sensor was evaluated by comparing the measured setting time with the results of Vicat test.

A Vicat apparatus was used to test the penetration depth of the cement. The cement from the same batch was placed
in a container and a thin testing needle was injected into the cement every 30 min until the depth of penetration was
lower than 70 mm. After that, the test was repeated every 5 min and when the penetration depth reached 65 mm, that
depth was regarded as the initial setting depth of cement.®® Then the container was turned over, and the bottom surface
of the paste with a better flatness was tested by a thicker needle. The final setting happened when the striker could not
leave scars on the surface of the cement paste.

4.1.2 | Instrumentation setup

Figure 13 shows the experimental setup. Three containers made of acrylic acid held the Portland cement paste covering
an antenna sensor at the bottom of the cement paste. The patch antenna inside the container is wrapped by laminating
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FIGURE 12 The relationship between the height of the covering material and the fundamental resonant frequency. (a) The return loss
curve and (b) the scatter diagram for simulated and theoretical results

film to prevent the radiation patch of the antenna from contacting the free water directly. A small hole was drilled
through the sidewall of container to hold a VNA connector. About 1500-g cement paste was mixed and then filled up
three acrylic acid containers and an additional container for the Vicat test. These containers were then air cured while
tested by the VNA and Vicat apparatus until the final setting of the paste.

4.1.3 | Group arrangement

Three groups with varying parameters were tested and are listed in Table 3. The container for each group was the same
size. Group 1 was set as the reference set. As shown in Figure 14, an acrylic waterproof sheet was placed above the
patch antenna in Group 2 to investigate the effect of the encapsulating material. The height of cement paste was set at
60% of the reference set to test the measurement accuracy when there was a difference between the buried depth.

The mix proportion of the testing cement was determined by the setting time measurement standard
GBT1346-2011%° and listed in Table 4. To ensure the accuracy of the test, the mix proportion kept constant during the
full process of the experiment.

4.1.4 | Results and discussion

The Vicat setting time as measured by the Vicat apparatus was selected as the comparison value and displayed in Part
A. Then the fundamental resonant frequencies measured from three patch antenna sensors were used to calculate the
setting time of the cement paste and then compared with the value measured by Vicat apparatus, which is shown in
Part B.

Vicat apparatus test
The Vicat needle's depth of penetration into the cement as a function of time is shown in Figure 15. Since the initial set-
ting happens when the depth of penetration decreased from 67 to 65 mm>* it was seen to occur at 215 min for the
cement paste.

The distinct degree of the scar caused by the needle is shown in Table 5. The final setting time was determined as
310 min for the scar, which could not be recognized.
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FIGURE 13 Experimental setup. (a) Portland cement, (b) the cement paste mixture, (c) the fabricated patch antenna, and (d) the Vicat
test apparatus

TABLE 3 Parameters for the three experiment groups

Parameter Group 1 Group 2 Group 3
Maximum height of cement paste (mm) 50 50 30
Height of container (mm) 52

Length of container (mm) 73

Width of container (mm) 66

Adding waterproof sheet No Yes No

Measuring for setting time using patch antenna
At the beginning of the experiment, the influence of cement height in the experiment was analyzed and compared with
the simulated and theoretical results in Section 3. The relationship between the height of cement paste and the funda-
mental resonant frequency of the covered patch antenna is shown in Figure 16.

The fundamental resonant frequency in the experiment varied greatly with the height—less than 10 mm—but
keeps nearly constant when the covering height is larger than 15 mm, which is duplicated in the simulation.
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FIGURE 14 Top view of the acrylic acid container in Group 2
TABLE 4 Mix proportion of cement net slurry
Ingredient Portland cement Water
Mix proportion (%) 77.2 22.8
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FIGURE 15 Relationship between time and depth of penetration
TABLE 5 Distinct degree designation based on visual identification of the crack scar
Time 230 260 290 295 300 310 315 320

Degree  Clear Clear Only half Onlyhalf Only half Unable to recognize  Unable to recognize =~ Unable to recognize

The measured fundamental resonant frequencies of these groups are shown in Figure 16. As the dielectric constant
of the covering dielectric board in Group 2 is lower than the dielectric constant of the dielectric board, the fundamental
resonant frequency of Group 2 will increase compared to Group 1 without the covering board. The difference between
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the theoretical calculation, simulation, and experiment results mainly comes from the different boundary conditions
among each other. Actually, there is a laminating film under the patch antenna. This film is estimated by adding an air
gap in simulation and totally ignored in theoretical calculation. Besides, the covering cement paste is regarded as a uni-
form dielectric in the simulation. These differences may cause several differences in the final results, but the change
trend of the results is similar. The fundamental resonant frequency of Group 1 is similar to that of Group 3, indicating
that the height of cement paste has little influence on the fundamental resonant frequency of the covered patch
antenna when the covering height is high enough (e.g., more than 30 mm in this experiment).

For all three groups, the fundamental resonant frequencies started lower and then increased rapidly along with the
hydration process. Finally, the fundamental resonant frequencies of the three groups converged to a level. The pattern
of the frequency change curves is like an inverted-Z, which is similar to the change tendency of moisture content
shown in Figure 3. That is, the setting state can be predicted by analyzing the change rate of the measured resonant
frequencies.

Based on the results in Section 3, the initial setting time could be directly regarded as the time when the fundamen-
tal resonant frequency (moisture content) starts to increase rapidly. The initial setting time was obtained from
Figure 17, which is 255 min for Group 1, 175 min for Group 2, and 250 min for Group 3.

During the test, the amount of moisture content was sampled at regular intervals. The relationship between mois-
ture content and time appears as a set of scattering data. To calculate the differential coefficient at time ¢ (point n), a
moving window from point n — m to point n + m is established. Then, the 2 m + 1 continuous scatters were used for
linear fitting, and the slope of the fitted line is regarded as the differential coefficient of point » at time ¢ in the moving
window.

The change rate was then used to evaluate the final setting time quantitatively. A moving window contained
nine continuous scatters (can also be referred to as 5, 7 or 11 scatters since the results are similar), which were
used for liner fitting, and the slope of the fitted line is regarded as the change rate of point n in the moving
widow. Based on Equation 2, the final setting time is regarded as the time when the change rate starts to
decrease from the maximum data.

The relationship between time and change rate is shown in Figure 18. The final setting time was then obtained from
this Figure, which is 320 min for Group 1, 285 min for Group 2, and 310 min for Group 3.

The setting time measured by the Vicat apparatus and the patch antenna sensor is compared in Table 6. The table
also shows the average error for each group.

Although the height of cement paste and coverings were different between the three groups, the calculated three
initial setting times and final setting time are similar to the results obtained from the Vicat apparatus. That is, the set-
ting time sensing is mostly dependent on the change tendency of the resonant frequency and less affected by the
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FIGURE 17 Relationship between time and fundamental resonant frequency in (a) Group 1, (b) Group 2, and (c) Group 3

dielectric load or environment noise. The error for the initial setting time and final setting time was below 20% and
10%, respectively, and the average error for the three groups was below 6%. This exhibits a great workability in setting
time sensing.

4.2 | Moisture content detection after hardening
42.1 | Testing methods for experiments

After the setting time experiment, another test was arranged to verify the application of moisture content detection after
cement hardening, which mainly relates to the sensitivity of the patch antenna to the surrounding water.®’ Figure 4
shows the experimental setup. Additional water was injected into the specimen by a dropper. The amount of injected
water was controlled by an electronic scale shown in Figure 4b, and the resonant frequency of the patch antenna sensor
was determined by the VNA, which was the same VNA used in Section 4.1.
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FIGURE 18 Relationship between time and change rate of fundamental resonant frequency (a) Group 1, (b) Group 2, and (c) Group 3

4.2.2 | Instrumentation setup

As shown in Figure 19, the specimens used in setting time sensing after hardening were utilized for moisture con-
tent detection in this experiment. After finishing the setting time measurements, some cracks were randomly
made by sticking a knife in and out the cement pastes to simulate crack openings. After air cured for 15 days, a
small amount of water was injected into three cement pastes along their cracks with an increment of 0.5 ml. Two
minutes after each injection, the fundamental resonant frequency of each embedded patch antenna was measured
three times in 1 min. The tested resonant frequencies were used to show the amount of injected water presented
in Section 4.2.3.

4.2.3 | Results and discussion

The relationship between fundamental resonant frequency of the embedded patch antenna and quantity of injected
water is shown in Figure 20.
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TABLE 6 Comparison of three experiment groups obtained by Vicat
Parameters Vicat Group 1 Group 2 Group 3 Average Error (%)
Initial setting time (min) 215 255 175 250 203.3 5.4
Error (%) / 18.6 18.6 16.3 /
Final setting time (min) 310 320 285 310 305 1.6
Error (%) / 32 8.1 0 /

(@)

FIGURE 19 Experiment setup (a) VNA testing and (b) experiment testing of moisture content detection
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FIGURE 20 Relationship between moisture content and fundamental resonant frequency after hardening

When the water penetrates the cement paste, the dielectric constant of cement paste will increase and further
decrease the fundamental resonant frequency of the covered patch antenna sensor according to the theory of magnetic
flux, which is consistent with the experiment results shown in Figure 18. A nearly linear relationship is shown in all
three groups. Since the produced cracks were randomly created, the water inside the cracks was considered to be uni-
formly distributed in the cement. The cement volumes of Groups 1, 2, and 3 were 240.9, 144.5, 240.9 cm?, respectively;
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thus, the minimum resolution in the moisture content rate of the three groups was 2.07%, 3.46%, and 2.07% respec-
tively. Hence, the antenna sensor can be used to monitor the small moisture content change of cement after hardening.
Since the antenna sensor is designed to be embedded into the structure, it can be utilized as a leakage detection sensor
during the service stage. However, the sensitivity of the injected water is about 2 MHz/ml, which is similar to the fre-
quency shift caused by temperature change. That is, the moisture content prediction is easily affected by temperature
variation. Furthermore, the fundamental resonant frequency will continually shift for a short time after each injection,
which signifies that the patch antenna sensor is only sensitive to adjacent injected water. Furthermore, remote water is
difficult to detect due to limited sensitivity. In general, to effectively use the patch antenna sensor in practice, tempera-
ture calibration and a redesign focusing on sensitivity improvement is necessary.

5 | CONCLUSION AND COMMENTS

This paper introduced a passive patch antenna sensor for measuring the setting time of cement and moisture content
detection after hardening. The fundamental resonant frequency shift of an embedded patch antenna can be utilized to
define sensing parameters for the moisture content in cement paste. An equivalent model based on the magnetic flux
theory and simulated model in HFSS was adopted to verify design availability. Then, the resonant frequency shift cau-
sed by the change of dielectric constant and temperature effect were compared in a theory model, in the simulation,
and in the experiment. The temperature effect was about 10 times lower than the change caused by the dielectric con-
stant shift, which indicated that the temperature effect could be ignored in future experiments setting time sensing
values.

Two experiments were carried out to detect the cement setting time before hardening and the moisture content
change after hardening. A moving window was utilized to calculate the change rate of the fundamental resonant fre-
quency shift. The initial setting time was obtained from the change tendency of the fundamental resonant frequency
shift, and the final setting time was determined based on the time when the change rate started to decrease from the
maximum value to an average error lower than 6%. Since the measured setting time only related to the change rate of
the fundamental resonant frequency, it was less affected by the environmental noise and the random material distribu-
tion inside the concrete. Furthermore, the moisture content detection experiment showed that the embedded patch
antenna sensor was highly sensitive to the injected water with a moisture rate of more than 3.46%. The two experiments
indicate that an antenna sensor can be utilized for detecting setting time during cement hydration and for predicting
leakage in the service time. Future research includes the development of temperature calibration, decouple or minimi-
zation of temperature effect, and a redesign for sensitivity improvement to improve workability after cement
hardening.
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