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ARTICLE INFO ABSTRACT

Keywords: The setting time of concrete needs to be detected to ensure the construction quality control. This
Setting time research provides a new non-contact, nondestructive remote sensing detection method based on
Cement hydration ground penetrating radar (GPR) for monitoring cement setting time. The moisture content of
GPR cement paste decreases during hydration, resulting in a change of its dielectric constant.

Non-contact monitoring

Furthermore, dielectric permittivity affects the wave velocity and echo intensity of electromag-
Passive wireless

netic waves. Based on these characteristics, this paper utilizes GPR to measure the moisture
content of cement paste in terms of changing dielectric permittivity, and then assess the setting
time depending on the link between the moisture content and setting state of the cement paste. To
detect an object smaller than one-wavelength, the full-waveform inversion is used to analyze the
GPR echo data instead of the traditional velocity inversion measurement. The positive correlation
between the reflection coefficient and dielectric constant is verified by both simulations and
experiments. The experiment results accurately determine the initial and final setting time of
cement paste, compared with the Vicat apparatus test. The method of GPR monitoring cement
paste setting time based on full-waveform inversion theory can solve the quality control problems
of concrete leveling automation and concrete layered construction automation.

1. Introduction

Concrete, defined as a mixture of a certain proportion of water, cement, sand and gravel conserved in a given environment, is a
prevalent construction material in modern times [1]. Banfield [2]notes that despite concrete’s broad range of applications and
excellent performance, it is accompanied by various problems during actual construction, such as wall cracking, crusting, concrete
bleeding, and abnormal concrete setting. He also states that abnormal setting will deteriorate the concrete strength, and this deteri-
oration largely depends on the thoroughness of cement hydration in both ordinary concrete and high-strength concrete.

Slow setting, fast setting, and false setting are the three types of abnormal concrete settings. Concrete pouring difficulties will arise
as a result of fast and false settings. A slow setting will lead to an insufficient early strength in concrete and a prolonged period of
dismantling forms. The monitoring of setting state is of great significance in engineering [3]. During construction, the mass concrete
leveling and compacting needs cement mortar to lose fluidity; that is, the fresh concrete after placing in the forms should reach the
initial setting before the concrete surface is leveled and compacted. Conventionally, this process is done by workers with mechanical
equipment, and the setting state is usually judged by the engineering instinct, which largely depends on the engineer’s expertise.
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Besides, construction personnel need to inspect the concrete regularly during the curing process to control concrete humidity and
temperature, so that normal or accelerated hardening can occur as well as an increase in strength.

The curing of concrete is the process of cement hydration in a suitable environment. Hydration in concrete is mainly the reaction of
clinker minerals in cement with water. The macroscopic phenomenon of hydration is a concrete setting, representing the transition
process of new concrete from a liquid to solid phase. Conventionally, the hydration thoroughness can be judged by the concrete’s
setting time. With an accurate detection of setting time, construction engineers can schedule the transportation, placing, and curing
appropriately, avoiding the generation of substandard concrete [4]. In laboratory experiments, scholars often use cement paste as an
alternative sample to evaluate the process of hydration [5].

Usually, the setting state of concrete is manually tested by the manually operated standard Vicat apparatus for quality inspection
due to its low cost [6,7]. This process often requires experienced workers to operate manually and takes a certain time for one
measurement. To improve it, experts developed an automated version of Vicat apparatus for continuous inspection [8]. However, this
does not change the disadvantages of the Vicat apparatus test. It can only measure a single sample at one time and need to flip the
sample after initial setting manually. In addition, the price of automatic Vicat apparatus is more than 25 times that of conventional
Vicat apparatus.

Aside from traditional detection methods, scholars began to study nondestructive testing methods for concrete setting state
evaluations. Several measurement schemes were proposed based on different sensing mechanisms, electrical resistivity measurements,
nuclear magnetic resonance (NMR), patch antenna sensors [9,10], and the ultrasonic wave transmission method [11]. Li et al. [12]
used a non-contact resistivity meter based on the principle of transformer to establish a quantitative relationship between the concrete
setting time and the critical point of resistivity. The resistivity curves obtained during the concrete setting revealed two critical lo-
cations of the initial and ultimate coagulation phases.

Toropovs et al. [13] employed neutron radiography to assess the humidity distribution in high-performance concrete. Different
moisture content imitates radiant attenuation, which is eventually represented as humidity dispersion within concrete. She et al. [14]
used nuclear magnetic resonance to monitor the hydration process and microstructure evolution of ordinary Portland cement (OPC)
paste. The relaxation behavior of a large number of hydrogen nuclei (protons) in water was studied using NMR with a strong static
magnetic field. NMR relaxation signals may offer information on the water molecule state and content, which can reveal the micro-
structure development of cement paste. Yi et al. [15] placed a patch antenna sensor in cement to determine the initial and final setting
time during hydration. The moisture content variation can alter the dielectric constant of surrounding cement and eventually, the
resonant frequencies of antennas. Trtnik et al. [16] investigated the link between initial setting time and ultrasonic propagation pa-
rameters of cement paste using ultrasonic wave transmission. The first setup time is based on the first inflection point on the ultrasonic
pulse velocity curve.

For these aforementioned methods, concrete or cement paste needs to be in direct contacted with the sensing device for mea-
surement. Repeated measurements require an electrical resistivity measurement probe, nuclear magnetic resonance sample collecting
device, and ultrasonic measurement probe to adhere to the difficult-to-clean cement paste. The contamination on the probes will lower
the measurement accuracy and influence future measurement results. On the other hand, the embedded patch antenna sensor must be
connected with a Vector Network Analyzer (VNA) through a coaxial line to interrogate the resonance frequency to determine the
concrete setting state.

Ground penetrating radar (GPR) is a prevalent nondestructive testing technique to detect the state of materials without embedded
probes. GPR is widely used in civil engineering, usually for pavement assessment [17,18] and crack monitoring [19,20]. The utility of
GPR in examining concrete has also been proven [21]. The electromagnetic wave created by GPR will be reflected when it encounters
an interface with impedance discontinuity along the propagation route, which is the basis for GPR’s exploration of underground
targets. Scholars have proposed GPR imaging methods and survey evaluations based on wave velocity measurement, which take
advantage of the fact that wave velocity propagation in the medium is regulated by the medium’s permeability and dielectric constant.
GPR uses electromagnetic (EM) waves to assess several conditions, including the concrete structures of internal cavities and water
content. Kaplanvural et al. [22] performed time-delay GPR measurements on C-30 concrete blocks that used the center frequency of a
2 GHz shielded GPR antenna to determine the volumetric water content of the C-30 concrete block. Liu et al. [23] used
ground-penetrating radar (GPR) to measure the thickness of thinner layers of ice and snow beneath the ground by measuring the
velocity of electromagnetic waves in the medium using single shot and multiple receiver methods for a better accuracy of speed
measurements.

However, due to technical limitations and noise jamming, the measuring of wave velocity can be challenging for targets of size less
than one wavelength. Thus, researchers began to investigate the inversion of medium parameters utilizing other information carried by
echoed waves, such as phase, amplitude, and intensity. Kaplanvural et al. [24] investigated the link between changes in electro-
magnetic wave attenuation and concrete moisture content, which are connected to the direct and reflected wave amplitudes generated
by the sample’s decrease in moisture content. AL-Qadi et al. [25] proposed a signal processing technology for a full-waveform
inversion (using echo amplitude instead of wave speed) to calculate the dielectric constant of the pavement layered medium.
Compared to the wave velocity measurement method, the full-waveform inversion method can obtain the electrical parameters of an
object that is smaller than the minimum resolution of the wave velocity measurement, such as the dielectric constant and conductivity,
resulting in an enhanced measurement resolution.

Higher precision monitoring can be achieved by using the full-waveform inversion approach with GPR in the field of civil engi-
neering construction. GPR is the solution of construction in-site monitoring, which can meet the requirements of a nondestructive,
noninvasive and high-efficiency test method that uses high frequency electromagnetic waves to detect the state of concrete to ensure
the quality control of automatic construction process [26-28]. This paper uses GPR to conduct non-contact and nondestructive
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monitoring of the cement paste setting state. The full-waveform inversion approach was used to determine the moisture content and
setting time of cement paste with a thickness of less than one-wavelength. The setting state of cement paste is identified by the
variation in moisture content, which is the free water that does not reacted with the cement. The amount of free water in cement can be
used to determine the setting time of cement.

With the detection of cement paste setting time by GPR, it can be used to evaluate the setting state of fresh concrete in mass concrete
leveling and compacting and realize automatic concrete screeding without human interference [29], which overcoming the limitations
of conventional Vicat apparatus’s time-consuming, human resource consuming and discontinuous monitoring. Besides, The
high-efficiency, non-invasive GPR measurement method can be well combined with automatic construction, which is an ongoing
advance for saving the workforce and improving productivity [30-34]. For example, the determination of the setting state of fresh
concrete is crucial to the quality control of dam concrete construction. In a stratified dam casting process, it’s essential to accomplish
the upper layer paving and pouring before the lower layer’s initial setting time [35]. It will improve the quality of the interlayer
combination and ensure that the upper has good bonding between the concrete mixture and the lower performance [36]. Therefore, it
is imperative to evaluate the setting state of the concrete in a remote and fast way, without any probe embedded in the concrete. The
full-waveform inversion theory-based GPR monitoring setting time approach is an excellent option to fulfill this demand.

The structure of this paper is as follows, Section 2 introduces the hydration process of concrete. Section 3 describes the detection
mechanism. Section 4 presents the numerical simulation in HFSS. Section 5 provides the experimental design and the analysis of the
experimental results. Section 6 ends with a conclusion and the prospect of future research plans.

2. Hydration process of concrete

Alot of research has been done on the cement hydration mechanism over the last few decades [37-39]. As soon as water is added to
the cement, part of the water will immediately combine with the cement to form a cement gel. This part of the water is called bound
water, and the remaining part that is not participating in the chemical reaction is called free water. According to Taylor [40], we can
divide the early cement hydration into four periods: 1) the initial hydrolysis period, 2) the induction period, 3) the acceleration period,
and 4) the deceleration period. In the initial hydrolysis period, cement reacts immediately after mixing with water, and the free water
decreases rapidly. After the initial hydrolysis period, hydration enters the induction period because the hydration forms tri-calcium
silicate (C3S) cement gel on the surface of cement particles, which hinders the hydration. The protective layer on the surface of
cement particles is not stable and will gradually dissolve until the cement paste reaches the initial setting state. The hydration then
enters the acceleration period, when the previously dissolved protective layer reacts to form a more stable hydration production,
C-S-H cement gel. In this process, a large amount of C3S is consumed. When the C-S-H cement gel production reaches a certain level,
the concrete strength will be formed initially, and the hydration reaction rate decreases. Then concrete reaches the final setting state,
and the hydration enters a deceleration period.

In Fig. 1, the most common Portland cement is taken as an example, which is divided into three stages according to the changing
trend of concrete moisture content over time during the hydration process. Stage I includes an initial hydrolysis period and induction
period. Stage II is the hydration acceleration period, and Stage III is the hydration deceleration period.

In early cement hydration, free water is stably consumed, resulting in cement paste’s constantly changing moisture content. Then, it
is plausible to estimate the state of cement paste by the changing acceleration of moisture content in the cement paste, which can be
defined as a derivative of the moisture content curve. The change in moisture content is also related to water evaporation. According to
Xu [42], the evaporation rate of free water almost remains unchanged, which means we can ignore the influence of free water on the
acceleration rate of water content. In Yi’s paper [15], a method for judging the setting time by the moisture content is proposed. The
moisture content acceleration change represents the rate of hydration. When the change rate of moisture content reaches a extreme
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Fig. 1. Relationship between moisture content and time during hydration [41].
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value after initial hydrolysis period, the hydration is the most violent, and this moment can be regarded as the final setting state
moment.

The ideal situation for concrete setting allows sufficient time to complete the construction process of mixing, transporting, pouring,
vibrating and plastering, while having a short final setting period for early demolding, rapid hardening, and using. Hydration is a
decisive factor during the curing process of concrete. The curing condition timing should be adjusted according to the monitored
setting state of the concrete. The goal is to ensure that concrete fabrication complies with the construction standards. Therefore Eu-
ropean and American standards stipulate that cement’s initial setting time should not be earlier than 45 min, and the final setting time
should not be more than 10 h [43].

Cement often has a pre-hydration effect before it is mixed with other materials. When cement is in contact with air, it will absorb
the air’s water vapor. Factories produce cement by grinding clinker and gypsum. The gypsum will be dehydrated and release water that
may react with the clinker. In addition, cement manufacturers also add 2% water to the machine to reduce the equipment’s tem-
perature while it is working. These conditions prevent the cement from becoming completely dry. The primary effects of cement pre-
hydration on engineering performance is the prolongation of setting time, the change in compressive strength, and its rheological
properties [44,45]. Significantly, the pre-hydration of cement paste in air and the initial reaction ratio of cement at the beginning of the
experiment may affect measurement results. The authors of this paper carried out preliminary experiments to investigate the effects of
pre-hydration and the initial reaction ratio of cement to the water content of paste.

3. Detection mechanism

The dielectric constant of the medium will affect the transmission time and amplitude of the reflected signal in GPR. In this section,
we characterize the relationship between the cement paste composition and the dielectric constant. Furthermore, we judge the setting
state of the cement paste through the change of moisture content during the hydration process to detect its setting time. Eventually, the
relationship between the moisture content and the setting state is converted into the relationship between the electrical parameters to
be measured and the setting state.

The dielectric constant of cement paste varies with the moisture content, temperature, cement type, admixture, and ion concen-
tration. According to Refs. [46,47], the composition of cement paste has less influence on the dielectric constant than water content.
The dielectric constant of ordinary concrete largely depends on the water content. Generally speaking, the dielectric constant of a
material increases with increasing temperature. In the curing of cement, the effect of temperature on water is mainly the water
evaporation caused by heating rather than the dielectric constant of water. Moreover, the dielectric constant of ordinary concrete
remains basically unchanged from 275 K (1.85 °C) to 380 K (106.85 °C) [48]. In this article, ordinary Portland cement (OPC) was used
to make cement paste for experiments. Since no cement admixture is added, the influence of ion concentration in the solution can be
ignored and since the experiment was maintained at a 20 °C ambient environment, the temperature effect on the dielectric constant
can be ignored.

The key electrical characteristic that reflects cement paste composition is the dielectric constant. Ground penetrating radar is used
to monitor the electrical properties of cement paste to obtain material composition and determine the setting state of cement paste. The
change in moisture content, which is reflected by the change in dielectric constant, can be employed to determine the setting state.
Therefore, the setting state can be determined by a change in the dielectric constant.

3.1. The relationship of moisture content and dielectric constant

Cement paste is a type of composite material. The dielectric constant of composite material can be calculated by combining the
dielectric constant of its components according to its empirical formula. Birchack’s theory can be used to compute the dielectric
constant of composite materials [49]. According to the Birchack’s theory, we can use the following Equation (1)&2 to calculate the
dielectric constant of cement paste:

" =figf, +her, + €+ fak, )

hith+fh+fi=1 (2)

The dielectric constants of concrete materials are shown in Table 1:

In Table 1, &g, €aw, Esotid> and &g are the dielectric constant of free water, bound water, cement gels, and air, respectively [50]. a is an
experimentally determined value of 0.5.

Cement paste is less complicated than concrete in terms of composition and nature. Free water plays a major role in calculating the
dielectric constant of cement paste. To highlight the effect of free water, we can divide cement paste into two parts, free water and
other components. The calculation formula of the dielectric constant of cement paste is shown in Eq. (3).

e =fi Ezv +f5€:lhcr @

Table 1

Parameters of the cement paste, i.e. the dielectric constants.
Parameters Ecw Efw Esolid Eair a
Values 4 82 4 1 0.5
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h+fs=1 (C))

In Egs. (3) and (4), eomer andfs are the dielectric constant and volume fraction of other components, respectively. In Fig. 2, the
dielectric constant of the cement paste linearly varies with the free water content. We can use the dielectric constant change to describe
the moisture content change.

3.2. The relationships between moisture content, dielectric constant and setting time

The moisture content of the cement paste in an actual construction site is often not directly measured, and the measured relevant
parameters (resistance, dielectric constant, etc.) are used to characterize the moisture content. The changing characteristics of the
dielectric constant during the setting process are similar to the moisture content. Therefore, this paper uses it to express the changing
acceleration of the moisture content to determine the cement paste’s setting time. The change in dielectric constants and moisture
content over time can be represented in Fig. 3.

3.3. The principle of GPR

GPR is a complex system with three components: signal transmitting, data analysis, and signal receiving, as shown in Fig. 4.

In Fig. 4, 09, 63, and 0,4 are the incident angles of an electromagnetic wave incident on each medium stratification plane. 6; and 05
are the incident angle of the electromagnetic wave on each medium stratification plane. A, Ay, and A3 represent the echo intensity of
each layer. Then, ¢, €1, €2, and e3 refer to the dielectric constant of air, surface layer, base layer, and subgrade, respectively.

GPR modulates high-frequency electromagnetic waves in a solid cavity and then sends them to a dielectric surface by a radiator.
Electromagnetic waves penetrate through and reflect on interfaces with different impedances. Engineers can obtain the target’s
characteristic information by analyzing time spectrum characteristics and amplitude of the reflected electromagnetic wave signal.

The dielectric constant of the medium is a principal factor affecting electromagnetic wave propagation. It is expressed as the ratio of
the dielectric constant to the medium to the vacuum dielectric constant (8.854 x 10~ F/m), namely the relative dielectric constant,
which is often referred to as the dielectric constant without the prefatory “relative.”

.

e ©)

where &, is the real part of dielectric constant, and & is the imaginary part of the dielectric constant. The real part represents the storage
effect of the medium on electromagnetic waves. The imaginary part reflects the loss characteristics of the medium to the electro-
magnetic waves. The imaginary part of concrete dielectric constant can go as high as 2.2, which incurs a serious loss to electromagnetic
wave propagation. Due to the attenuation of electromagnetic waves in the medium, the lower the electromagnetic frequency emitted
by GPR; moreover, the greater the depth of detection in the medium, the lower the resolution (the minimum size that can be
distinguished). Conversely, the detection depth of high-frequency electromagnetic waves in the medium is smaller than that of low-
frequency electromagnetic waves, but the measurement resolution is higher, which means it can detect thin layers. Therefore, a
tradeoff exists between the detection depth of electromagnetic waves and the resolution of GPR.

3.4. Full-waveform inversion method

3.4.1. Definition of the generalized reflection coefficient
Cement paste is considered to be homogenous and isotropic for the sake of theoretical computation. Then, the propagation of
electromagnetic waves in cement paste is related to the characteristics of the electromagnetic wave itself and the properties of the
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Fig. 2. Relationship between free water change and dielectric constant of cement paste [15].
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where w,¢,0 and p represent angular frequency, dielectric constant, electrical conductivity and magnetic permeability, respectively.
Generally, by defining the reflection coefficient and projection coefficient on the interface of the iy, layer, the reflection coefficient r
and the transmission coefficient 7 of the interface between the i layer and the i + 1 layer, which can be written as:

{ri.H»l i (M — '7;)/(’71+1 +1;) 8
Tizer = 20/ (iys +11,)

where 5; = U’fj’é‘ﬁ The cement paste is regarded as a non-magnetic nondestructive medium. Then, to facilitate the subsequent

calculation of the dielectric constant and better understand the propagation of electromagnetic waves in the medium, we calculated
the following:

Fiinl :L Vit 9)
Lit+ \/ET,+ r——-€[+l

where ¢; and ¢;; are the dielectric constants of the iy, andi + 14, layers, and r;;,1 is the reflection coefficient between the two layers.

We defined the ratio of the reflected wave amplitude to the emitted wave at the interface of each layer as the generalized reflection
coefficient denoted as R. Since there is air above the top of the first layer, there is Ry = r¢1. The i, generalized reflection coefficient
can be deduced as:

i—1 i

Riiy1=riin H(l - r]%_k+]) H e 10)

k=0 k=1
where gy is the attenuation constant, anddy is the thickness of the k, layer.

3.4.2. Calculation of dielectric constant
In general, the dielectric constant of the dielectric layer can be calculated directly from Eq. (7). Al-Qadi et al. [25] proposed a
method using a full-waveform inversion. Eq. (11) is used to calculate the dielectric constant ¢; of the first layer:

2
1+ (i) o

()

where Ay is the amplitude of the reflected wave at the first layer, andA;, is the amplitude of the transmitted signal. Total reflection
effect can be generated when a GPR pulse wave reaches the metal plate. Thus, the amplitude received by the antenna is the same as that
of the transmitted signal.

The dielectric constant of the second layer can be obtained from the calculated formula of the reflection coefficient and the
correction of transmission loss.

oyt 2

1— 2 +Rp\’ 1= [Ao/Auc e "5 + (A A

& =¢ > =g 5 (12)
1 —rg —Ri 1— [A‘)/A,-,,{,]zeﬂ70

& =

A A

where t; and o represent the two-way travel time and conductivity of the first layer, respectively, A; is the amplitude of the reflected
wave at the second layer. Thus, the modified formula is extended to multiple layers and is expressed as:

Cement hydration | Ground penetrating radar

* Full-waveform

yinversion
Variation trend of Variation tendency of
moisture content inear dielectric constant

Setting time of
cement paste

Fig. 5. Theoretical route of GPR monitoring method.
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2
n—2
L =15 + 3 riciiRiz + Ruci
En =E€y—1 ;:]2 (13)
1= 71 + > rii iR — Rucia

i=1

Full-waveform inversion has previously been adopted by United States Departments of Transportation to apply to pavement
moisture accumulation localization [51-53]. In practice, the measured objects are often not a uniform monolayer medium. The
dielectric constant of cement paste can also use the preceding formulas in later experimental processing of this research. Finally, the
methodology of the detection method and relationship between the parts can seen in Fig. 5.

4. Simulation in HFSS

The measurement principle for the full-waveform inversion method is to judge the state of the medium by comparing the intensity
of the collected signals. The strength of the reflected signal is not only related to the signal intensity of GPR itself, but also related to the
electrical parameters of the medium. The greater the intensity of the initial emitted electromagnetic signal, the stronger the reflected
signal received, and the greater the echo amplitude. In addition, the higher the electrical parameter of the medium (usually referring to
the dielectric constant of the medium), the greater the reflection coefficient S1; of the electromagnetic wave, and the stronger the
reflected signal [54].

In this section, the Ansoft High Frequency Structure Simulator (HFSS) is used to analyze the interaction between the echo strength
of electromagnetic waves and the dielectric constant of the medium. The electromagnetic wave emitted by GPR can be regarded as a
plane wave, and the incidence mode is usually a vertical incidence. To explore the relationship between the dielectric constant of the
medium and the echo strength of the signal, the incidence of electromagnetic waves of various frequencies into a material whose
permittivity varies is simulated in HFSS. Commercial GPR antennas are often transceiver integrated, which means the GPR trans-
mitting and receiving antennas are in the same detector. There is a shielding shell between them so that the two antennas will not affect
each other during measurement. Fig. 6 shows the HFSS model. The dielectric constant variable medium is below the air layer, while the
electromagnetic wave emitting and receiving end is above it. The distance between the cement paste and the emitting terminal should
be greater than at least 1/4 wavelength to ensure the calculation accuracy of far-field radiation. The transmitting port is set as the
Floquet port, and the medium boundary is set as the master and slave boundary. The medium was configured as a substance with
electrical properties comparable to concrete. The relative permeability is 1, and the dielectric loss tangent is 2.2.

According to the measurement of the SIR-4000 GPR antenna, the central frequency is 1.6 GHz, and the electromagnetic wave band
of 1.2-1.9 GHz is simulated in the HFSS. The simulation results show that the reflection coefficient S1; increases with the increase of
the dielectric constant of the medium. Fig. 7 depicts the simulated pattern diagram of the reflection coefficient and the dielectric
constants as an echo amplitude and dielectric constant changes. The simulation results show that the influence of electromagnetic
waves of different frequencies on the measurement of the reflection coefficient S1; is tolerable, which indicates that GPR will not be
affected by the frequency of electromagnetic waves when measuring the dielectric constant.

In the solid resonant cavity, the broadband high frequency electromagnetic wave modulated by GPR is normally dispersed around
the antenna central frequency, with the low frequency being greater than the high frequency. When the central antenna frequency is
1.6 GHz, the simulation sweep frequency is adjusted at 1.2-1.9 GHz to come near to the actual condition. When the medium’s
dielectric constant stays constant, the reflection coefficient in the GPR working band for the medium varies little and remains steady, as
seen in Fig. 7. The dielectric constant and reflection coefficient has a nearly linear pattern, which is compatible with using higher
frequency electromagnetic waves in GPR to defect the smallest recognition sizes in detection.

Transceiver integrated end
—— of electromagnetic wave

- Air

|~ Concrete

v 70 200 (mm)

Fig. 6. The simulation model in a high frequency structure simulator (HFSS).
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5. Experiments and analyses
5.1. Experimental scheme and design

Some water and cement immediately combined to generate hydration products and accompanied by the release of a large amount
of heat, which will also lead to direct evaporation of some water. The ratio of the water consumed immediately to the initial amount of
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water added is the initial reaction ratio of the cement hydration. In this paper, the initial water reaction ratio of cement paste was
measured in advance before the experiment. The experimental results show that the initial reaction ratio of water is about 27.6%,
which is close to the initial change of the water content measured by Ref. [55]. The bound water formed by hydration and the free
water are defined as two materials with varying permittivity in the theoretical computation of permittivity. As a result, while
calculating the dielectric constant of cement paste theoretically at the start of the experiment, the contribution of the initial mix ratio
and first reaction ratio should be taken into account simultaneously.

The OPC used in this experiment was first dried in an oven, then the initial reaction ratio was determined. Furthermore, to ensure
that GPR can be used to monitor cement paste setting time in all situations, a preliminary test was performed to determine if the water
cement ratio in a certain range has an effect on the setting time of cement paste.

The full-waveform inversion method requires that the measurement height is appropriate and the distance of each measurement is
fixed. This paper adopts the SIR-4000 GPR with a 1600-Mhz operating antenna for a continuous 12 h of fixed measurement distance
detection for 140 x 140 x 50 mm? cement paste. The experimental facilities are shown in Fig. 8. The cement paste mixed at the same
time was tested by the Vicat apparatus, and the measurement results were taken as the control group and compared with the GPR test
results. Each group of experimental samples are measured every 10 min in the first 3 h, and multiple groups of echo data were recorded
at one time. Three hours later, the interval time of each measurement group was shortened to 5 min.

5.2. Analysis and interpretation of experimental results

In this paper, analysis was conducted based on the experimental results of the Vicat apparatus first and then, the GPR inversion. The
experimental results of each group are shown as follows. The initial reaction rate of the cement used is 30%, which will be considered
in the follow-up analysis of experimental data for moisture content monitoring.

5.2.1. Vicat apparatus test

The Vicat measurement is to judge the setting state of cement paste by the penetration depth of Vicat. In this experiment, the
penetration depth measured by Vicat apparatus on the surface of the cement paste test is shown in Fig. 9. According to the Standard
Schema in EN 13294-2002 [43,56], when the cement paste reaches the initial setting state, the penetration depth of Vicat will decrease
from 67 to 65 mm. The initial setting time of the cement tested by the Vicat apparatus in this paper was 282 min or 4 h and 42 min
(4.70 h). The final setting time was 450 min or 7 h and 30 min (7.5 h).

5.2.2. Analysis of GPR experimental data

Sixty sets of echo data were recorded during a single GPR measurement (two sets of cement paste samples, with an average of 30
sets of data measured in each group). After screening and excluding abnormal data caused by an abnormal measurement operation, the
average value is taken as the experimental data of each time to ensure the universality of the experiment. Then, the full-waveform
inversion method is used to calculate the dielectric constant of cement paste as we observe its setting state.

The following is a calculation example. Fig. 10 shows the echo information of the metal plate and cement paste at the same dis-
tance. Since the detection antenna is not very close to the target surface, ADw is obviously the direct wave, which is the first wave
energy propagated from a transmitter antenna to reach a receiver antenna. A;, and Aq are the echo amplitude of metal plate and
cement paste, respectively. They are used to calculate the dielectric constant of the sample by full-waveform inversion method.

The dielectric constant, ¢1, of cement paste is calculated as:

2

(o) = 352307 a4

A
1= (i)

The dielectric constant, ¢, of the air is known as 1, so we can calculate the reflection coefficient, rg;.

&=

Cement paste

%

Fig. 8. GPR Experiment measurement.
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In Equation (15) we obtain the reflection coefficient of first layer, ry;. By using measured echo amplitude, Aj, to get the generalized
reflection coefficient, R;5, we can then obtain the second layer of the dielectric constant.

2
1—72 +Ry\> 1= 22 + [A A
& =& ( rgl 12) =& rgl [ 1/ ]2 (16)
L —r5 — Ry 1 —rd — [A1/Aid]
After processing the measured echo data, the inversion results show the dielectric constant of cement paste to be basically un-

changed at the beginning. Still, there is a slight trend of decline. With the end of the initial setting period, the hydration of the cement
paste entered the accelerated period, which means hydration accelerated, moisture content decreased rapidly and the dielectric

11
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Fig. 10. GPR testing: (a) the echo information of a metal plate and (b) the echo information of cement paste.

constant also decreased rapidly. Finally, after the end of the acceleration period, the deceleration period began and the changes in the
dielectric constant of the cement paste gradually leveled off. The dielectric constant remained nearly constant at this time. The
variation trend of the dielectric constant of the cement paste is similar to a tensile Z character, as shown in Fig. 11. The results of the
data in the figure are similar to those of the previous study [15].

The results of echo information inversion monitored in this experiment can describe the changing moisture content trend of cement
paste. The dielectric constant of cement paste is linearly related to its moisture content, so the changing cement paste trend of the
dielectric constant can be used to characterize the changes in its moisture content. We can judge the setting time of cement paste by
fitting the acceleration of water content change. The initial setting time is considered as the time when the dielectric constant
(moisture content) begins to decrease rapidly. As can be seen from Fig. 11, the initial setting time of the first group was 310 min (5 h
and 10 min), and the second group was 300 min (5 h).

In the process of measurement, the cement paste is sampled and analyzed regularly. The relationship between the dielectric
constant (moisture content) and time is shown as a set of scattered data. Any change in moisture content is a derivative of the moisture
content curve. In this paper, the curve representing the changes in the dielectric constant of cement paste is used to describe the
changes in moisture content. The rate of change is often measured by the derivative or differential of the curve at some point. For
scatter data, the differential of the dielectric constant at time T (point n) is often calculated with a certain length of time window. The
time window of differential calculation generally starts from the first k points of the calculation point and ends at the last k points of the
point. By calculating the slope of the line segment fitted by these points, the slope can be regarded as the derivative of the intermediate
points with respect to time, which is also the acceleration of the changes in the dielectric constant (moisture content).

In this paper, the setting state of cement paste is judged by the slope (the acceleration of the dielectric constant) fitted with the time
window data of a certain length. In the experimental results, the time window length adopted by multiple data processing is changed in
a certain range. In the end, 10 consecutive points were selected as the sampling time window length (the results of 7 and 11 discrete
points were similar), and the time point of the final setting was the time when the derivative of the dielectric constant with time was
maximum (i.e., the acceleration of the change in water content was maximum).

The data of the dielectric constant obtained in the experiment were fitted to obtain the derivative. Finally, the relationship between
the change rate of the dielectric constant at each point and the time during the measurement period is shown in Fig. 12. The extreme
point of the dielectric constant after initial setting, that is the final setting time of cement paste, has been marked in Fig. 12. The final
setting time of each experimental group was 480 min (8 h) for the first group, and 465 min (7 h and 39 min) for the second group. In
addition, the time corresponding to the first peak in Fig. 12 is just close to the initial setting time. According to the experimental results,
this paper believes that the change rate of the dielectric constant can be considered to determine the initial setting time point.

5.2.3. Data comparison of measurement results
The results of Vicat and GPR measurements are shown in Table 2. The average error of each set of measurements is also in this table.

12



L. Xie et al. Journal of Building Engineering 60 (2022) 105166

[ Diekeatic constmn] I B
354 o0,
s oy - :
05 0% )= Initial setting
~ DRE0 . : N’
230 o © 655} 4 Initial setting = °
; = \6 =304 o
£ g
g o 2 o
g o g 5
) o Q254 S
£ 25+ o 2 u
8 Rey 2 o
el 2 -2 o
A 5 = &
L) 204 ©
© o & Qom0
20 %%555:(,0 o «%‘véfofz%?
© 0T
T T r T T 15 T T T T T
0 200 400 600 800 0 200 400 600 800
Time (min) Time (%)
(a) (b)
Fig. 11. Relationship between time and dielectric constant in (a) Group 1 and (b) Group 2.
0.10 4
0.08 4 5 0 Group 2|
_ ¢ (o Grow3)
S b -8 = Final setting
% 006 g N
g 0.6+ , 7 o
z ° e g S,
£ 8 )
3 Final settis 2 b
2 e ®—> Final setting Z 0.05 . )
5 0.04- g K
3 5
2 o B bl o o
= N o R
) . z nHo o
20024 o 0060 3 %
& i ’ S, .
N ° 2 0.00-| = et PSR
<0004 )
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Time (min) Time (min)

(a) (b)

Fig. 12. Relationship between time and change rate of dielectric constant: (a) Group 1 and (b)Group 2.

The surface conditions of each group of samples were slightly different, but the initial and final setting times measured by GPR were
similar to those measured by the Vicat apparatus. Because judging the setting state of cement paste by the change rate of dielectric
constant (moisture content) can greatly reduce the influence of environmental noise (the effects of environmental noise can be
regarded as a constant, which is zero after taking the derivative). The measurement errors of the initial setting time and the cement
paste’s final setting time are below 10%, and the average error of the three group is below 6%. For concrete, which is a material with

great variability and uncertainty, the GPR measurement error results are tolerable, which also proves the good applicability of GPR in
setting time measurement.

6. Conclusions and future research

This paper introduces a non-contact and remote sensing method using GPR to monitor the setting time of cement paste. Based on
the characteristics of cement paste in the process of hydration and the sensitivity of the electromagnetic wave to water, a compound
model based on equivalent dielectric constant and a simulation model based on HFSS were adopted to verify the feasibility of the
experiment. Then, the positive correlation between reflection coefficient and dielectric constant is verified by simulation. Meanwhile,
the simulation shows that the change of electromagnetic frequency has little effect on the reflection coefficient of the dielectric
constant. Finally, the full-waveform inversion method was used to process the GPR measurement results. The dielectric constant
measured by GPR was used as the index parameter of the moisture content of cement paste.

The setting time of cement paste was obtained by calculating the change rate of the dielectric constant. The final GPR measurement

Table 2

Comparison for the three experiment group.
Parameter Vicat Group 1 Group 2 Average Error (%)
Initial setting time (min) 282 310 300 297.3 5.42%
Error (%) / 9.92 6.38 /
Final setting time (min) 450 455 435 446.7 0.73%
Error (%) / 1.11 3.33 /

13
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result and the standard Vicat apparatus measurement result error is not more than 10%. In the actual measurement process, the setting
time of cement paste is related to the change rate of the dielectric constant, and the effects of environmental noise can be ignored. The
experiments indicate that GPR can be used to detect the setting time of cement hydration. Meanwhile, the experiments also
demonstrate the possibilities of GPR in conjunction with construction automation. Automatic monitoring of cement setting state can be
effectively linked with construction automation to assure the quality control of concrete during the building process, replacing the
laborious process of artificially detecting the setting stage of concrete in engineering. Future research includes measurement distance
calibration and distance self-compensation. The data processing methods for sensitivity enhancement were noted as the experimental
and simulation results, respectively. They were reported to improve our understanding of the performance of cement after hardening.
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