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This paper aimed to use electrochemical impedance spectroscopy (EIS) to investigate the hydration
process of a new generation of cement, as this method has the characteristics of providing energy savings
and being environment friendly, and use X-ray diffraction (XRD) to analyse the composition of
hydration products at different hydration times. The experimental results suggested that the Nyquist plots
of different hydration times had their own distinctive features. In addition, the used equivalent circuit
model could provide a good explanation for the experimental phenomenon. The impedance parameters
Rccp and Rcp increased with increasing hydration time, but the parameter Cpp decreased.
Correspondingly, the effect of the water-cement ratio on these parameters was completely opposite of
that of the hydration time. Furthermore, the results of XRD analysis showed that AFt was the main
hydration product in the early stage, and the hydration of C>S was the main process in the late stage.

Keywords: hydration process; X-ray diffraction; microstructure; electrochemical impedance
spectroscopy

1. INTRODUCTION

With the continuous development of human economic society, there is growing demand for
engineering materials in the world today. The production volumes of cement, the most important
engineering material, keeps pace with the increasing demand. However, the manufacture of Portland
cement not only consumes a vast amount of resources and energy but also generates undesirable
greenhouse gas emissions [1-2]. China, as the world’s largest producer and consumer of cement, is facing
enormous challenges of energy conservation and environmental protection. Therefore, the development
of a new generation of cement for energy savings and emission reduction plays a pivotal role in the
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sustainable development of the cement industry in China [3].

As is fairly well known, the high calcium mineral composition design of Portland cement is the
root cause of its high energy consumption and carbon emissions [4]. As early as the 1970s, Mehta
proposed that the key to the development of a new generation of cement is to adopt low energy
consumption and low carbon emission components instead of high energy consumption and high carbon
emission components on the basis of equivalent performances [5]. One such cement called high belite
cement (HBC) has been development and reported by many researchers. The mineral composition of
this special cement is dominated by dicalcium silicate (C2S), whose mass fraction is generally greater
than 40%. Compared with that of Portland cement, the calcination temperature of HBC is 100-150°C
lower, and energy consumption and greenhouse gas emissions of HBC are significantly lower [6-7].
However, the early strength of this cement is weakened due to the slow hydration rate of C,S, which
limits HBC applications [8].

Calcium sulphoaluminate (C4A3§) has the characteristic of improving the early strength of

cement. Moreover, it also has a low CaO content and low calcination temperature, which are similar to
the energy saving and emissions reducing characteristics of C2S [9-10]. Therefore, to address the

aforementioned problems of HBC, C4A3§ was used to completely replace tricalcium silicate (C3S) to

form a new generation of cement, namely, high belite sulphoaluminate cement (HBSC). This special

cement contains C,A;S and C»S as the main mineral components and contains a certain amount of

tetracalcium aluminate (C4AF) and calcium sulphate (CaSO4) [11-13] that is significantly different from
that of Portland cement. Generally, HBSC has many excellent properties, such as fast setting, high early
strength, good freeze-thaw resistance, excellent impermeability and good corrosion resistance, so it has
shown great application potential.

Hydration, a complicated physical-chemical process, is essential for cement materials because it
largely determines the microstructure of these materials and then affects their macroscopic performance
[14-17]. Much research has been performed on the hydration of Portland cement by various testing
methods, which has led to fruitful results [18-19]. However, research on the hydration of HBSC is
generally still extremely scarce. It is impossible to establish a direct link between the microscopic
mechanism and the macroscopic performance, and thus, the macroscopic performance of HBSC cannot
be reasonably explained [20-21].

The purpose of this research is to investigate the hydration process of HBSC through a variety
of methods to provide a fundamental basis for the study of its hydration mechanism. X-ray diffraction
(XRD) was first used to analyse the composition of hydration products at different hydration times. Then,
the changes in the microstructure during the hydration process were investigated by electrochemical
impedance spectroscopy (EIS) using a classical equivalent circuit model, and the influence of the water-
cement ratio on the cement hydration process was also analysed by impedance parameters.

2. MATERIALS AND EXPERIMENTS

2.1 Experimental materials

For all specimens, HBSC with a strength grade of 42.5 that was obtained from the Polar Bear
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Material Company in Tangshan, China was used. The chemical composition and mineralogical
composition of the HBSC are presented in Table 1 and Table 2 respectively. Normal tap water was used
in the experiment, and there were no other admixtures.

Table 1. Chemical composition of HBSC

Chemical .
composition Ca0 Si02  AlOs  Fe20s  MgO SO3 K20 Sum Loss

Mass (%) 50.74 13.98  18.59 2.02 2.15 1175 021 99.44  0.48

Table 2. Mineralogical composition of HBSC

Mineralogical CAS C2S £.CaSO4 CJAF f.Ca0
composition
Mass (%) 34.51 20,08 12.07 6.15 2.06

2.2 Test procedure

In this paper, the specimens were prepared with water-cement ratios of 0.6, 0.8 and 1.0. After
mixing thoroughly, the cement pastes were cast into moulds with dimensions of 70.7 mmx70.7 mmx70.7
mm and then stored in a curing chamber (95+5% RH, 20+2°C). Finally, they were extracted from the
moulds and returned to the curing chamber until the specified time.

The specimens with a water-cement ratio of 0.6 were crushed at the specified time (1 d, 3 d, 14
d and 28 d). Fragments of approximately 10 mm in size were then soaked in alcohol for 3 d to terminate
hydration. Finally, the fragments were removed and ground finely enough to pass through a 0.056 mm
sieve. XRD was performed using a LabX XRD-6000 diffractometer made by Shimadzu, Japan. The
value of 20 was pre-set as 5°-50°, and the step size was 0.02°. MDI Jade software was used for XRD
analysis.

A CS350 electrochemical workstation was used to measure the electrochemical impedance
spectra of cement materials at different hydration times (1 d, 3 d, 7 d, 14 d and 28 d). Copper electrodes
with the same size as the cross-sectional area of the specimen were placed at both ends of the specimen.
Then, the specimen was fixed to the electrodes with an insulating fixture, and a certain pressure was
applied to make the specimen closely contact the electrodes. The schematic diagram of the device is
shown in Figure 1.
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Figure 1. lllustration of the apparatus used for impedance measurements

3. RESULTS AND ANALYSIS

3.1 XRD analysis of hydration products
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Figure 2. XRD patterns of cement at different hydration times

XRD is one of the most effective methods for the phase identification of cement hydration
products [22-23]. Studies have shown that the reactions that may occur during the hydration process of

HBSC are as follows [24-25]: _ B B
C,A,S+2C5+38H — C,A-3CS-32H+2AH, (1)

C,5+2H,0 —» C-S-H+CH )
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AH,+3CH+3CS+26H,0 — C,A-3CS-32H @)
C,A-3CS-32H - C,A-CS-12H+2CSH, +16H (4)

Therefore, according to these reactions, the hydration products of HBSC may include AFt, AH3,
C-S-H, CH and AFm. The XRD results of cement at different hydration times are shown in Figure 2.
The significance of the letters in the graphs is as follows: Y, A, B, D, E and M represent C4A3S , CaSOa,

CoS, C-S-H, Aft and AFm, respectively.

Compared with those of unhydrated cement, the characteristic peaks of C»S are the strongest
peaks at 1 d of hydration, which indicates that the hydration level of C»S is very low. A potential reason
for this phenomenon is that the hydration rate of CsS is low, that is, the reaction of Equation (2) basically
does not proceed [26]. The characteristic peaks of AFt can be clearly observed in the XRD pattern, while

the characteristic peaks of C4A3§ and CaSOq disappear. It can be inferred that the reaction shown in
Equation (1) occurs during the 1 d hydration process, so C4A3§ and CaSOjs are basically consumed.

Furthermore, the characteristic peak of hydration product AFm can also be observed, but the
characteristic peak is relatively weak. This is because only a small amount of AFt is transformed into
AFm according to Equation (4) at this stage [27-28].

The characteristic XRD peak attributed to C»S is slightly lower for the sample treated with 3 d
of hydration than for the sample treated with 1 d of hydration, and the characteristic peak of C-S-H
begins to appear after 3 d of hydration. This shows that the hydration of CS is in progress [26], and the
amount of unhydrated C.S is gradually decreasing. Meanwhile, C4A3§ and CaSO4 are completely

consumed, and the characteristic peak of AFt becomes more intense [28]. In addition, the characteristic
peak of CH is still not observed. There are two causes that may lead to this phenomenon. (1) CH is not
generated during the process of cement hydration. (2) CH is generated in the hydration process, but then,
it participates in the hydration reaction and is basically consumed as described in Equation (3). Both
previous studies and the analysis of this experiment suggest that the latter is the real cause of this
phenomenon [25].

From the XRD patterns of the samples after 14 d and 28 d of hydration, it can be observed that
the characteristic peaks of CaS are still very significant, but some of the characteristic peaks disappear
with further hydration. The characteristic peaks of AFt are somewhat weakened but remain significant
with hydration. In contrast, the characteristic peaks of AFm are quite weak, and even the characteristic
peaks are barely visible. In addition, a certain amount of C-S-H began to generate at this stage, but its
characteristic peaks are not obvious, which may be attributed to the encapsulation effect existing between
the gels [29].

According to the overall analysis of the XRD patterns, AFt is the main hydration product in this
new generation of cement, and it is generated in a large amount in the early hydration stage. This is
consistent with the research results of the hydration process of sulphoaluminate cement [30], where the
only difference is the amount of hydration products. Correspondingly, the late hydration process of this
cement is mainly the hydration of C,S. This result agrees with previous studies on the hydration process
of Portland cement [26, 31-32]. In addition, no CH is detected during the entire hydration process.
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3.2 Equivalent circuit model

In the process of cement hydration, the change in the microstructure is of considerable
importance because it governs the macro-performance of cement materials and has significant influences
on their engineering application [33-34]. There are various methods used to investigate the
microstructure of cement materials, among which EIS is the most prevalent [35-36]. EIS, a continuous
steady-state method, has been demonstrated to be a reliable and efficient technique due to its capability
of revealing changes in the microstructure of cement. Furthermore, EIS has advantages in monitoring
the microstructure changes of cement under different conditions and in various service environments
[37].

The cement specimen is composed of a solid part (hydration products and unhydrated cement)
and pores, and its microstructure is schematically illustrated in Figure 3. There are three different
conductive paths in such a structure [38]: (1) a continuous conductive path (CCP or Path 1); (2) a
discontinuous conductive path (DCP or Path 2); and (3) an “insulator” conductive path (ICP or Path 3).
Correspondingly, the microstructure of cement can be simplified as shown in Figure 4, in which the grey
area represents the solid part, and the white area represents the pores. In addition, in Figure 4, PS is short
for pore solution, and DP is the abbreviation of discontinuous point.

ICP
¥ DCP

CCP

PS DP PS
________ —» DCP
———————— —> ICP

Cement
5 CCP
PS

Figure 4. Simplified microstructure of cement
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According to previous research [38-40], as shown in Figure 5 (a), an equivalent circuit of cement
is proposed. In this model, the equivalent element represents the corresponding conductive path and has
a clear physical meaning for the cement microstructure. Cmat is the electrical double layer capacitance of
the cement matrix; Rcpis the resistance of the continuous portion of the DCP; Cppis the electrical double
layer capacitance of the discontinuous point of the DCP; Rccpis the resistance of the CCP. In most cases,
due to the limitation of electrochemical equipment, Cmat 1S too small to be considered (Cuma—0).
Therefore, the equivalent circuit of cement can be simplified as shown in Figure 5 (b). Compared with
the equivalent circuit proposed by Han et al. [41], such an equivalent circuit is simple.

Cmat

Cop

Re | |

Rcep

(@) Detailed equivalent circuit
Cor

Rer | |

Rcep

(b) Simplified equivalent circuit

Figure 5. Equivalent circuit for the microstructure of cement

In the experiment, the current is first transmitted through the electrode to the surface of the
specimen and then conducted inside the specimen. Therefore, the electrode effect cannot be ignored. As
a result, a typical equivalent circuit model considering the electrode effect is proposed [42], which is
described as Rs (CiRct1) (C2Re2) (Figure 6). The circuit of the cement matrix is located within the dashed
box, which differs from the circuit of the electrode effect in the model, so the two parts can be well
separated.
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Figure 6. The typical circuit of cement
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Based on the equivalent model and theoretical calculation of cement matrix, there are two more
critical parameters, Rs and Rt [43]. Rs, the intersection point of the high frequency region and the
horizontal axis, is the electrolyte resistance in the pore solution [44-45]. Rcu, the diameter of the high-
frequency semicircle, is closely related to the microstructure of cement materials [45].

By comparing the typical equivalent circuit model (Figure 6) with the equivalent circuit (Figure
5(b)) and based on relevant research, the following relationships can be established [38, 46-47]. These
transformations make it easy to extract the capacitance and resistance that characterize the microstructure
changes of cement materials. Furthermore, these transformation make the measured impedance
parameters, such as R, Rei1, and Ci, more meaningful [38].

RCCP = Rs + Rctl (5)
RCP :(Rs + Rctl) Rs / Rctl (6)
Cor =C, I:Rctl / ( R, + Rctl):lz (7)

Equation (5) shows that the value of Rccp increases with decreasing numbers of continuous pores
in the cement material. That is, the increase in the sum of Rsand Rcu indicates that the continuous pores
are gradually blocked by hydration products in the hydration process [38, 47]. According to Equation
(6), the resistance of the continuous portion of DCP, Rce, is determined by two parts, (Rs+Rct1) and
(Rs/Rct1). This is because some of the CCP paths turn into DCP paths after the continuous pores are
blocked by hydration products, thus affecting the value of Rcp [47]. Moreover, Cpp is related to the
thickness of the discontinuous points, and its value can well reflect the development of the compactness
of cement materials during hydration processes [38]. From Equation (7), Ret is the major factor used to
determine the value of Cpp, since it is far greater than the value of Rs.

3.3 EIS analysis of the hydration process

3.3.1 Analysis of Nyquist plots

A Nyquist plot is often used in the analysis of electrochemical impedance spectroscopy (EIS)
results and considers both the real part (Z’) and imaginary part (Z") of the impedance. The hydration of
cement is a process by which cement particles turn into hydration products, such as Aft and C-S-H gel.
In general, hydration products have much larger volumes than cement particles. Therefore, the increase
in the volume of the solid phase is more likely to block continuous pores and to narrow discontinuous
pores or thicken the discontinuous point layers [38]. All these changes will cause the Nyquist plots to
change with respect to hydration time, so the Nyquist plots have different characteristics at different
hydration times. The Nyquist plots of the cement specimens with water-cement ratios of 0.6, 0.8 and 1.0
are shown in Figure 7.
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Figure 7. Nyquist plots of cement specimens at different hydration times

As shown in Figure 7 (a), the Nyquist plot of cement hydrated for 1 d is basically a straight line
without a capacitive loop in the high-frequency region. This is because the hydration degree of cement
particles in the initial stage is still very low, and the filling effect of hydration products is not significant
[48]. Most of the intervals between the solid phases are not blocked but are filled with water. As a result,
the cement specimens are full of CCP paths, with few or no DCP paths. The simplified equivalent circuit
(Figure 5 (b)) can be further simplified to only one element (Rccp), which cannot show a capacitive loop
in the Nyquist plot [38, 47].

After hydration for 3 to 7 d, as shown in Figure 7(b, c), the impedance curve possesses a slight
protuberance in the high-frequency region, and a capacitive loop tends to appear. Relevant research
shows that the appearance of a capacitive loop in the high-frequency region is directly related to the
resistance of the solid phase of the specimen [38, 49]. This indicates that a certain amount of C-S-H gel
has accumulated in the specimen at this stage, which is in agreement with the results of XRD analysis.

It is evident from Figure 7 (d) that after 14 d of hydration, a relatively complete capacitive loop
appears in the high-frequency region. This proves that a considerable amount of C-S-H gel has
accumulated in the specimen. After 28 d of hydration, as shown in Figure 7 (e), the capacitive loop is
more complete than that observed the previous stage. Thereafter, cement hydration is in a stable stage,
and the shape of the Nyquist plot is no longer significantly different; instead, there is a slight movement
in its position [47, 50].

3.3.2 Analysis of impedance parameters with hydration time

The values of impedance parameters for different hydration times based on the typical equivalent
circuit (Figure 6) are shown in Table 3. Then, according to Equation (5), (6) and (7), the corresponding
impedance parameters are shown in Figure 8, 9 and 10.

The values of the impedance parameter Rcp of the cement materials at different hydration times
are shown in Figure 8. At the beginning of the tests, the Rcp values increase sharply, and then, the
increase in the Rcp value slows markedly. For example, in the process of hydrating from 1 d to 7 d, the
Rce value increases by 164 ohm for the specimen with a water-cement ratio of 1.0, while its Rcp value



Int. J. Electrochem. Sci., Vol. 15, 2020 12275

increases by only 12 ohm in the process of hydrating from 7 d to 28 d. The reasons for this different
behaviour are as follows: the hydration products quickly fill the pores in the early stage of hydration,
resulting in a rapid decrease in porosity, and then, there is less space for the hydration products to fill,
that is, the porosity decreases slowly. Overall, the Rcp value increases at the same rate that the number
of hydration days increases. This is consistent with the change trend of the porosity of Portland cement
in the literature [47, 51].

Table 3. The values of impedance parameters with different water cement ratios

Hydration Rs(ohm) Reu(ohm) Ca(pF)
time Water-cement ratio Water-cement ratio Water-cement ratio

(d) 0.6 0.8 1.0 0.6 0.8 1.0 0.6 0.8 1.0

1 51 44 32 1919 1472 1202 1010 1250 1310
144 108 75 2202 1537 1400 939 1170 1170
203 145 98 3165 2281 1497 888 923 1010

14 249 173 109 5842 4096 2630 814 873 986

28 281 185 113 8158 5362 3938 759 767 813

300 4

250

200

150

Rep (0hm)

100

50 4

0

1 3 7 14 28
Time (d)
Figure 8. The values of impedance parameter Rcp for different hydration times

The values of the impedance parameter Rccp of the cement materials at different hydration times
are shown in Figure 9. Similar to Rcp, Rccp also shows an increasing trend with the increase of hydration
time. However, the effects of hydration time on the growth of Rccp and Rcp are different. Comparatively,
the overall impact of hydration time on the value of Rccp is much more significant than that on Rcp. For
example, for the specimen with a water-cement ratio of 0.6, the Rccp value at 28 d increases by 6469
ohm compared with its initial value, while the Rcp value only increases by 238 ohm compared with its
initial value. There are at least two reasons for such a result [38, 52]. (1) Hydration products can block
the CCP paths so that the number of CCPs decreases, whereas hydration products can only narrow the
DCPs or increase the thickness of the layer of a discontinuous point. (2) The transformation of some
CCPs into DCPs will counteract the increase in Rcp value to some extent. Furthermore, the ratio of
Rcer/Rcep increases as the hydration time increases. This is because the CCPs, which play a major role
in electric conduction, cannot be completely turned into DCPs after being blocked [47].
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Figure 9. The values of impedance parameter Rccp for different hydration times

The values of the impedance parameter Cpp of the cement materials at different hydration times
are shown in Figure 10. Compared with Rcpand Rccp, the changes in the Cpp values exhibit the opposite
trend. The values of Cpp decrease sharply at the beginning of the test, and then, the decreasing trend
slows. According to the previously proposed equivalent circuit model [38, 47], the reason for the
decrease in the Cpp value is that the hydration products will increase the thickness of the discontinuous
point in DCPs. Therefore, this different behaviour indicates that hydration products are generated rapidly
in the early stage of hydration, and then, the hydration reaction rate decreases [11]. This is consistent
with the results of XRD.
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Figure 10. The values of impedance parameter Cpp for different hydration times

3.3.3 Analysis of impedance parameters with water-cement ratio

The water-cement ratio has significantly influenced the cement hydration process and the
development of the cement microstructure [38, 53]. Changes in the water-cement ratio typically alter the
porosity of cement materials, and thus, the impedance parameters change with changing the water-
cement ratio. By combining the results of previous research, the value of Rccp is considered to be an
effective indicator of the degree of cement hydration [47]. As seen from the Figure 11, after 1 d of
hydration, the Rccp values of the specimens with water-cement ratios of 0.6, 0.8 and 1.0 are 1970, 1516,
and 1234 ohm, respectively. This shows that the degrees of cement hydration at this stage are not very
different. Afterward, as hydration proceeded, a lower water-cement ratio will lead to a greater value of
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Rcce. After 7 d of hydration, the Rccp value of the specimen with a water-cement ratio of 0.6 is more
than twice that of the specimen with a water-cement ratio of 1.0. This shows that the hydration degree
of the latter is lower than that of the former [38, 47]. With further development of hydration processes,
the increase in the compactness and pore structure complexity of cement materials will be reflected by
an increase in impedance parameter Rccp [54]. It is not difficult to observe from Figure 11 that the Rccp
values of the specimen with a water-cement ratio of 0.6 at 14 d and 28 d are far greater than those of the
other two groups, and the difference further increases. This demonstrates that the hydration degree of
the specimen with a low water-cement ratio is much greater than that with a high water-cement ratio.
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Figure 11. Rccp values of specimens with different water-cement ratios
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Figure 12. Cpp values of specimens with different water-cement ratios

Additionally, the Cpp values of the specimens with different water-cement ratios are shown in
Figure 12. As can be observed, the water-cement ratio has a significant effect on the value of Cpp,
especially at the initial period of hydration. For example, the Cpp value of the specimen with a water-
cement ratio of 0.6 at 1 d of hydration is 282 pF greater than that of the specimen with a water-cement
ratio of 1.0. This reveals that the water-cement ratio plays a prominent role in increasing the thickness
of the layer of the discontinuous point [38, 55]. However, at 28 d of hydration, there is no difference
between the Cpp values of the specimens with different water-cement ratios. For example, the Cpp value
of the specimen with a water-cement ratio of 0.6 is only 59 pF greater than that of the specimen with a
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water-cement ratio of 1.0. This shows that the effect of the water-cement ratio is significantly weakened
with the hydration process [55].

4. CONCLUSIONS

In this paper, the hydration process of HBSC was investigated by XRD and EIS. XRD analysis
was employed to analyse the composition of hydration products at different hydration times, and EIS
was performed to study the microstructure changes of cement materials during the whole hydration
process. The main conclusions drawn from this study were as follows:

1)  The hydration product of this new generation of cement in the early stage was mainly AFt;
the concentration of calcium sulphate would decrease with the hydration process, so the transformation
of partial AFt into AFm was observed; the late stage of hydration mainly included the hydration of CS,
and a certain amount of C-S-H was generated; no CH was detected during the entire hydration process.

2)  The Nyquist plots of this new generation of cement had their own distinctive features at
different hydration times. Since the specimens were full of CCPs and had few or no DCPs in the early
stage of hydration, the Nyquist plot in the high-frequency region was basically a straight line. Afterward,
as hydration proceeded, the high-frequency region gradually transitioned into a complete capacitive loop.
This undoubtedly demonstrated that a considerable amount of C-S-H gel was generated.

3)  An equivalent circuit model containing impedance parameters Rcp, Cpp and Rccp was
employed for cement materials. These parameters could be easily calculated from the measured
parameters Rs, C1 and Ret and had been demonstrated to have clear meanings. Therefore, this model
successfully explained the experimental phenomena observed from the data.

4)  Impedance parameters Rccp and Rep increased with increasing hydration time throughout
the entire hydration process. This indicated that the compactness and pore structure complexity of
cement materials increased throughout the hydration process. In contrast, the opposite trend was
observed for impedance parameter Cpp. This was mainly due to the increase in the thickness of the layer
of the discontinuous point. Furthermore, the effect of the water-cement ratio on these parameters could
not be neglected.
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