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Effects of Coal Metakaolin on the Mechanical Properties and 
Microstructure of High-belite Sulphoaluminate Cement
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Abstract: The effects of coal metakaolin on the mechanical properties of high-belite sulphoaluminate 
cement under compressive loading were investigated. The composition and microstructure of hydration products 
at different hydration times were analyzed by X-ray diffraction and scanning electronic microscopy. The 
hydration process of blended cement was studied via electrochemical impedance spectroscopy. In particular, 
replacing a part of cement with CMK (10%, 20%, and 30%) was found to promote the hydration process, to 
refine the pore size, and to improve the compressive strength of the composite. The best compressive strength of 
the cement was achieved at a CMK content of 30% after 28 days hydration, being improved by 20.13 MPa, or 
1.44 times relative to that of undoped specimens. Furthermore, the compressive strength is shown to correlate 
with the impedance parameter RCCP, which allows the latter to be used for nondestructive assessment of the 
compressive strength of blended cement materials.

Key words: coal metakaolin; compressive strength; microstructure; electrochemical impedance 
spectroscopy; impedance parameter

©	Wuhan University of Technology and Springer-Verlag GmbH 
Germany, Part of Springer Nature 2023

(Received: June 14, 2022; Accepted: Sept. 20, 2022)
WANG Xingy i (王星毅 ) :  Ph  D  Cand ida t e ;  E -ma i l : 

wxy19722769115@163.com
*Corresponding author: HAN Pengju(韩鹏举): Prof.; Ph D; 

E-mail: 13834569544@163.com
Funded by the National Natural Science Foundation of China 

(No. 41807256)

DOI    https: //doi. org/10.1007/s11595-023-2703-7

1	 Introduction

With the rapid development of the construction 
and building industry, cement, especially ordinary port-
land cement, has become the most popular construction 
material[1]. However, the cement industry is known 
for not only its high energy consumption, but also for 
large CO2 emissions. In 2019, the global energy-relat-
ed carbon dioxide emissions have reached 33.1 billion 
tons. Although CO2 concentrations have significantly 
dropped in 2020 due to the impact of COVID-19[2,3], 
their level still remained high. As the global demand for 
net zero emissions of greenhouse gases is continuously 
increasing, the cement industry urgently needs to take 
active measures to reduce energy consumption and car-
bon dioxide emissions[4, 5]. To solve this issue, high be-
lite sulphoaluminate cement (HBSC) as a kind of green 
cement has been proposed[6-8]. Compared with OPC, the 
preparation of unit mass of HBSC enables one to save 

28.57% of limestone and reduce 20.1% of CO2 emis-
sions[9]. Raupp-Pereira et al[10, 11] suggested that the rea-
sons for why CO2 emissions can be decreased during 
the preparation of HBSC are as follows. In the mineral 
design, the dicalcium silicate (C2S) phase is added to 
replace the tricalcium silicate (C3S) phase to reduce the 
limestone content in the cement composition, thereby 
further reducing the amount of CO2 produced during 
the decomposition of limestone. Also, fast-hardening 
minerals with low CaO content are introduced for sub-
stituting the C2S phase because of its low hydration 
rate to ensure the early strength of the cement matrix. 
Besides, the strength of the β-C2S phase after two years 
of hydration is 21% higher than that of the pure C3S 
phase. Thus, the later strength of the modified cement 
exceeds that of traditional portland cement[6,12,13]. 

Supplementary materials that are widely applied 
in cement production can reduce production costs 
and accelerate industrial waste’s rational and efficient 
reuse[14]. Coal metakaolin (CMK) is an amorphous 
silicon-aluminum compound, which is formed by calci-
nation and dehydration of coal kaolin at an appropriate 
temperature (600-900 ℃)[15]. Being a type of high-per-
formance mineral admixture, it has recently attracted 
significant attention in civil engineering[15-17]. CMK is 
able to exert a direct impact on the composition and 
micromorphology of the hydration products to improve 
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cement performance. More specifically, owing to the 
large amount of amorphous active ingredients, such 
as Al2O3 and SiO2, it has relatively high pozzolanic 
activity, which can cause gelation under appropriate 
alkali excitation conditions[18]. Further, it was shown 
that, compared with a cement matrix, CMK presents an 
irregular layered structure with a smaller (0.1 to 5 μm) 
particle size[16,17]. This allows it to fill the pores between 
cement hydration products and form an overlapping 
network structure to reduce pore size[19,20]. Therefore, 
the addition of CMK can decrease the porosity of ce-
ment as well as improve its pore structure and overall 
performance.

Electrochemical impedance spectroscopy (EIS) 
can use a small amplitude sinusoidal AC voltage as a 
disturbance signal at different frequencies (f) to moni-
tor the sinusoidal current response of the sample and to 
obtain its impedance parameters that prerfectly reflect 
changes in the microstructure of cement materials[21,22]. 
In the Nyquist plot, the intersection of the high-fre-
quency region and the real axis enables one to obtain 
the pore solution resistance Rs in the hardened cement 
paste, which is related to the porosity and ion concen-
tration of the pore solution. In turn, the diameter Rct1 of 
a semicircle in the high-frequency zone can indirectly 
reflect the OH- ion concentration in the pore solution 
of the cement paste[22]. 

The purpose of this research is to investigate the 
influence of CMK on the mechanical properties and 
microstructure of HBSC. Based on the different CMK 
contents, various groups of specimens were produced 
and their compressive strength was explored. X-ray 
diffraction (XRD) and scanning electron microscopy 
(SEM) was used to study the chemical compositions 
and microstructure of CMK-doped HBSC to elucidate 
the influence of CMK on the mechanical properties of 
HBSC. Also, the hydration process was characterized 

via EIS, and the microstructural changes in blended 
cementitious materials were discussed in terms of im-
pedance parameters. This enabled one to establish the 
correlation between the electrochemical impedance 
parameter (RCCP) and the compressive strength as a 
feasible method for nondestructive assessment of the 
compressive strength in cements.

2	 Experimental

2.1	 Materials
HBSC with a strength grade of 42.5 was pur-

chased from the Polar Bear Material Company (Tang-
shan, China). Its chemical and mineralogical composi-
tions are presented in Tables 1 and 2, respectively, and 
the corresponding XRD diffraction pattern is shown in 
Fig.1. CMK, provided by the Ju Feng Kaolin Company 
in Datong, China, served as the supplementary materi-
al. Its specific chemical composition is given in Table 
3. The apparent density and the specific surface area of 
HBSC were 2.71 g/cm3 and 590.1 m2/kg, respectively. 
Those of CMK were 2.61 g/cm3 and 1 792.8 m2/kg, 
respectively. Regular tap water without admixtures was 
used in the experiment, as well. The alkaline stimulator 
used in the test (Ca(OH)2) was produced by Tianjin 
Fuchen Chemical Reagent Factory (Ca(OH)2 ≥ 5%). 

Table 1  Chemical compositions of HBSC

Chemical composition CaO SiO2 Al2O3 Fe2O3 MgO SO3 TiO2 Sum Loss

Mass/% 51.54 13.80 15.34 1.52 2.08 14.21 0.71 99.20 0.38

Table 2  Mineralogical compositions of HBSC

Mineralogical composition C4A3S
_

C2S f-CaSO4 C4AF f-CaO CT

Mass/% 29.35 38.06 13.64 5.08 1.84 1.11

Table 3  Chemical compositions of CMK

Chemical composition SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O Loss

Mass/% 51.0 44.66 0.96 1.89 0.37 0.24 0.28 0.55 0.05

Fig.1  XRD patterns of HBSC
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The content of alkaline activator (calcium hydroxide) 
was 2% of the total mass of coal metakaolin.
2.2	 Materials preparation and characterization

The samples were prepared with CMK contents 
of 0%, 10%, 20%, and 30% and the constant water-ce-
ment ratio of 0.6. The materials for the EIS experiments 
were cast into 70.7 mm × 70.7 mm× 70.7 mm molds, 
while those for the compressive strength tests were pre-
pared in molds with dimensions of φ50 mm×100 mm. 
All the specimens were stored in a curing chamber (95 
± 5% RH, 20 ± 2 ℃) for a specified time.

The compressive strength tests of the samples 
with different hydration times (1 day, 7, 14, and 28 
days) were implemented using a WDW-100compres-
sion-testing instrument according to GBT 17671-1999 
standard (“Method of testing cements-determination of 
strength”).

The specimens with a 30% CMK content were 
crushed after 28 days of hydration. Fragments of ap-
proximately 10 mm in size were then soaked in alco-
hol for three days to terminate hydration. Finally, the 
fragments were removed and ground finely enough to 
pass through a 0.075 mm sieve. Their XRD analysis 
was performed using a LabX XRD-6000 diffractometer 
(Shimadzu, Japan) equipped with a copper X-ray tube 
operating at 40 kV and 40 mA. The XRD profiles were 
recorded within a scanning range of 5°-55° and pro-
cessed by means of MDI Jade software.

The microstructure of blended cements was stud-
ied using a TM-3000 scanning electron microscope. 
For this, a test group with a 30% CMK content was 
selected. The method of termination of hydration treat-
ment of SEM sample is consistent with that of XRD. 
Prior to the SEM analysis, prismatic samples with di-
mensions of 20 mm × 20 mm × 10mm were prepared 
and placed in an oven for heating at 40 ℃ for 12 h. In 
order to ensure electrical conductivity and avoid the ac-
cumulation of the electric charge at the sample surface, 
vacuum gold plating was performed on the surface of 
the test block. The vacuum degree for gold plating was 
5-6 Pa and the plasma current was less than 10 mA.

A Wuhan Kesite CS350 electrochemical worksta-
tion was used to measure the electrochemical imped-
ance of cementitious materials at different hydration 
times (1 day, 7, 14, and 28 days). During the experi-
ment, the temperature and humidity were respectively 
kept at 20 ± 5 ℃ and 45% ± 5% RH; 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 ensure that there was a close contact between the 
sample and the electrodes. The schematic diagram of 
the device is shown in Fig.2. The AC amplitude was 
10 mV, and the frequency range was 10-2-105 Hz. After 
the testing, the specimens were returned into a standard 
curing room to continue maintenance. In order to im-
prove the measurement accuracy, the automatic offset 
was adopted to eliminate the potential and current.

3	 Results and discussion

3.1	 Compressive strength of blended cements
Fig.3 displays the relationship between the com-

pressive strength and the hydration time of the speci-
mens with different CMK contents. According to the 
plots, the higher was the hydration time the larger was 
the compressive strength. With the incorporation of 
CMK, the growth rate of the early strength of the blend-
ed cements was significantly accelerated and the com-
pressive strength of each age increased significantly.

In particular, even after 7 days, the compressive 
strength of the blended cements was in the range of 
21.51-41.78 MPa, while that of the specimen with-
out CMK was 18.49 MPa, meaning that the effect of 
CMK on the early compressive strength of HBSC was 
remarkable. After 28 days, the compressive strength 
of CMK-reinforced samples was approximately 50-65 
MPa. As seen from the plots, the compressive strength 
of all the specimens varied noticeably within a period 

Fig.2  Illustration of the apparatus used for impedance measurements

Fig.3	 Compressive strengthes of HBSC at different CMK contents 
and hydration time
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from 1 day to 21 days, while exhibiting the less pro-
nounced changes in the time range of 21 to 28 days. 
These data were consistent with the results reported on 
CMK modified cement soil by Wang et al[16] who con-
ducted an unconfined compressive strength test (UCS) 
and observed no notable increase after 28 days com-
pared to the increment from 7 to 28 days. 

The contribution of the pozzolanic effect to the 
strength of the samples was assessed with respect to the 
specific strength method proposed by Pu[23]:

D = C/A×100%

C = A-B

where, A is the specific strength of HBSC in blended 
cements, B the specific strength of pure HBSC, and C  
the specific strength of the pozzolanic effect. 

Fig.4 displays the relationship between the spe-
cific strength of the pozzolanic effect and the hydration 
time of the specimens with different CMK contents. 
With the increase of CMK content, the specific strength 
of the pozzolanic effect at each age increased signifi-
cantly. With the increase of hydration time, the specific 
strength of the pozzolanic effect at different CMK 
contents exhibited first a rapid increase, followed by a 
slight decrease. Meanwhile, there were differences in 
the growth rate changes. At the CMK content of 10%, 
the growth rate of specific strength after 1 day-7 days 
was lower than that within 7-14 days. In case of the 
CMK content of 20%, the specific strength increased 
rapidly in 1 day-7 days and then decreased gently 
after reaching its peak value after 7-14 days. At the 
CMK concentration of 30%, the growth rate of specific 
strength after 1 day-7 days was greater than that within 
7-14 days. After 28 days of hydration, blended cement 
with a 30% CMK content was 4 times that of the ce-
ment with a 10% CMK concentration.

Therefore, the incorporation of CMK could pro-
mote the formation of cement strength, especially for 

early strength. The promotion effect on cement hydra-
tion was less pronounced at 10% CMK content, and 
the incidence of pozzolanic reactions was also lower. 
This could explain why the growth rate of 10% CMK 
content was lower in 1 day-7 days. In turn, using 20% 
and 30% CMK content resulted in the larger contact 
area with a cement clinker, which might have obvi-
ously promoted cement hydration, and the pozzolanic 
reactions might have occurred earlier. This was also 
conducive to the rapid increase in the strength of ce-
ments with 20% and 30% CMK contents within 1 day-
7 days. Moreover, a decrease in the specific strength of 
the cements after reaching the peak value was observed 
independently of the amount of CMK used. This in-
dicated that the incorporation of CMK might have in-
duced some reactions after 14 days, thereby inhibiting 
the further progress of the pozzolanic reaction.

Fig.5 displays the relationship between the contri-
bution rate of pozzolanic effect to compressive strength 
and the hydration time of the specimens with different 
CMK contents. Increasing the content of CMK, the 
contribution rate of pozzolanic reactions to compres-
sive strength increases significantly. For the 10% CMK 
content, the extreme point of the intensity contribution 
rate appeared at 14 days, and decreased after 14 days, 
and there was a 20% strength contribution rate at 28 
days. When the CMK content is 30%, the contribution 
rate of the pozzolanic reactions to the compressive 
strength rised rapidly at 1 day-7 days, and reaches 70% 
at 7 days, and then decreases. However, after 21 days, 
the contribution rate of the pozzolanic reactions to the 
compressive strength remained within a relatively sta-
ble range. At 28 days, it can still reach a strength con-
tribution rate of more than 50%. This shows that CMK 
has an obvious promotion effect on the formation of 
early strength of cement, and has a great contribution to 
the improvement of later strength. The mixing amount 
of CMK will significantly affect the formation of early 
strength of cement. When the mixing amount is small, 
the pozzolanic reaction will have a certain hysteresis.

Fig.4	 The specific strengthes of pozzolanic effect at different CMK 
contents and hydration time

Fig.5	 The contribution rate of pozzolanic effect at different CMK 
contents and hydration time
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A significant impact of CMK on the compressive 
strength of HBSC was mainly due to the combination 
of the filling and acceleration effects along with the 
pozzolanic reactivity. The impact was especially pro-
nounced after 1 day-14 days, which was similar to that 
reported by Wild et al[24] who observed metakaolin 
causing the immediate filling effect, the noticeable ac-
celeration of the ordinary portland cement within the 
first 24 h and the influence of the pozzolanic reaction 
between 7 and 14 days.
3.2	 XRD analysis of hydration products

In cement scientific research, XRD is used to 
qualitatively analyze the composition of hydration 
products at different hydration times[25]. The main prod-
ucts of high-belite sulfoaluminate cement may include 
ettringite (AFt), monosulfide hydrated calcium sul-
foaluminate (AFm), aluminum hydroxide (AH3), and 
hydrated calcium silicate (C-S-H) phases. 

The XRD pattern of high-belite sulphoaluminate 
cement with a 30% CMK content after 28 days of hy-
dration is shown in Fig.6. Here, the main diffraction 
peaks correspond to the hydration products such as 
AFt, AFm, AH3, and C-S-H gel. And there are also the 
reflexes associated with partially unhydrated C2S.

After 28 days of hydration, the characteristic 
peaks of C4A3S

_
 and CaSO4 phases disappeared com-

pletely, but those of AFt dramatically increased. This 
indicates that the hydration reaction between C4A3S

_
 and 

CaSO4, completely consuming both reactants, could 
have generated a large amount of AFt phase [26]:

    (1)

Besides, the characteristic peaks of the AFm 
phase could be observed. This is because, under the 
condition of insufficient CaSO4 content, C4A3S

_
 hydrat-

ed to form the AFm phase(Eq.2) [26], and there was a 
conversion from AFt to the AFm phase (Eq. 3).

     (2)

  (3)

Furthermore, the characteristic peaks of C2S were 
also very strong, which indicated that most of C2S had 
not undergone the hydration yet. This was owing to the 
fact that the hydration rate of C2S was lower than that 
of C4A3S

_
, and the corresponding reaction was as fol-

lows[27, 28]:

C S H C-S-H+CH2 + →2                 (4)

Therefore, a broadened peak of the C-S-H phase 
could be observed in the XRD pattern of the hydrated 
product. This was associated with a certain amount 
of gelatinous C-S-H produced through the hydration 
of C2S (Eq.(4))[19]. However, there were no peaks of 
CH in the XRD pattern of the hydrated product, and 
the signature assigned to AH3 gel was also very weak. 
This could be explained by the fact that CH and AH3 
gels were produced during the hydration process[29]. 
However, there was a chemical reaction to form et-
tringite, wherein the hydration products AH3 and CH 
underwent secondary hydration due to the presence of 
CaSO4

[27,28,30]:

     (5)

Since many forms of calcium aluminate hydrate 
are produced in the course of hydration, their character-
istic peaks overlap in the XRD pattern, making it diffi-
cult to distinguish between single phases. Besides, the 
instable structure of calcium aluminate hydrate is prone 
to crystal form conversion during the drying of the 
specimens, which has a certain impact on the analysis 
of hydrated products. Therefore, only AFm represents a 
complex form of multiple calcium aluminate hydrates. 
In detail, the hydration system of HBSC is ​​Al2O3-CaO-
SiO2-H2O and the hydration reaction involves more 
intermediate products and secondary reactions. There 
are many possible kinds of phases in this system, such 
as C4AH19, C4AH13, C3AH6, C2ASH8, and CAH10

[30].

Fig.6  XRD patterns of blended cement after 28 days of hydration 

Fig.7  XRD patterns of HBSC after 28 days of hydration 
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Comparing these data with the XRD pattern of 
HBSC at the same hydration time (Fig.7)[30], noticeable 
differences in the hydration process of both materials 
could be concluded. In the part of HBSC specimens 
with a 30% CMK content, the characteristic peak of 
C2S was relatively lower. In turn, the reflex of C-S-H 
gel was significantly higher, whereas those of CH and 
AH3 gel were almost hard to find in the XRD patterns 
during the hydration process. This mismatch was ow-
ing to various reasons. First, due to the incorporation of 
CMK, there were more Al3+ ions in the pore solution in 
the early stage of hydration and the nucleation process 
of the C-S-H gel was inhibited, so that the C2S phase 
reaction rate was lower. With the increase of pH of the 
system and Ca2+ ion concentration, the hindering effect 
of Al3+ ions in the nucleation of C-S-H gel weakened 
significantly, thereby accelerating the hydration of C2S 
and generating a large amount of C-S-H gel (Eq.(4)). 
Second, CMK will also participate in the hydration re-
action, consuming a large amount of CH and producing 
the additional C-S-H gel and AFm. The pozzolanic re-
actions between CMK and CH can be described by the 
equations below [30]:

AS +3CH+ H C ASH +C-S-H2 2 86 →          (6)

AS +5CH+ H C AH +2C-S-H2 3 63 →          (7)

AS +6CH+ H C AH +2C-S-H2 4 139 →         (8)

where, AS2 (Al2O3·2SiO2) is the major reactive sub-
stance of CMK. It can be responsible for the increase 
in compressive strength of the test group by 43.9%, 
caused by the addition of the 30% CMK content. 
Therefore, the incorporation of CMK would largely im-
prove the properties of blended cement because more 
hydration products would be produced due to the poz-
zolanic reactivity and accelerating effects of the CMK.
3.3	 SEM analysis of hydration products

The performance of cement materials not only de-
pends on the composition of related hydration products, 
but to a large extent on their microstructure. The SEM 
images of blended cements (30% CMK) after different 
hydration times (1 day, 7, 14, and 28 days) are shown 
in Fig.5. 

As seen in Fig.8(a), after one day of hydration, 
plenty of needle-like AFt phases and small size hexag-
onal flakes of the AFm phase were formed. Also, nu-
merous hydration cement clinker particles could be ob-
served. According to Fig.8(b), after 7 days of hydration, 
with the incorporation of CMK, the hydration reaction 

of HBSC was accelerated and CMK participated in the 
hydration reactions respect to Eqs.(6)-(8). The layered 
AFm phase and spherical C-S-H gel particles obviously 
increased. The latter ones, in turn, filled the pores of 
the AFt-AFm network structure, making the material 
structure denser. Meanwhile, it was difficult to find the 
CH phase in the SEM images, meaning that its content 
in the hydration product was substantially low, which 
was consistent with the above XRD results (Fig.7). As 
seen from Figs.8(c) and 8(d), the long-term hydration 
caused an increase in the amount of the products and 
the microstructure densification. After 28 days, the AFt 
inclusions were transformed into rods and columns, 
interspersed with AFm, and interlaced to form a stable 
net-like skeleton. At the same time, with the incorpo-
ration of CMK, a large amount of fibers and spheres 
C-S-H gel was generated. These afterwards filled the 
pores and enhanced the connection between the struc-
tural framework, which was conducive to filling and 
cementing, but significantly reduced the porosity of the 
blended cement. As a result, the CMK-modified com-
posite had higher compressive strength.

3.4	 Analysis of Nyquist plots
Nyquist plots are often used in the analysis of 

electrochemical impedance spectroscopy (EIS) data 
and consider both the real (Z′) and imaginary (Z′′) parts 
of the impedance. The impedance results measured 
at different frequencies are expressed on a complex 
plane without directly reflecting the magnitude of the 
frequency. Nyquist diagrams allow one to assess the 
impedance changes by the equivalent circuit to express 
the changes in the microstructure during the hydration 
of the cement.

Fig.8  SEM images of blended cement after different hydration time
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Four sets of experiments were carried out in this 
study according to various CMK contents (0%, 10%, 
20%, and 30%). The Nyquist plots of the blended ce-
ments at different hydration times (1 day, 3, 7, 14, and 
28 days) are illustrated in Fig.9.

After one day of hydration (Fig.9(a)), the Nyquist 
plots were basically straight lines with no pronounced 
curve characteristics. This indicated the absence of 
intensive electrochemical reactions in the blended 
cement, the electrochemical reaction could only have 
occurred on the rough surface of the C-S-H gel and 
proceeded once the C-S-H gel has achieved its certain 
amount[31,32]. Therefore, the hydration degree of C2S 
was still low after one day of hydration. Only a small 
quantity of the C-S-H gel was generated, being far from 
that sufficient for a significant electrochemical reaction.

After 3 days of hydration (Fig.9(b)), the imped-
ance curves were basically the same, beginning to shift 
toward the Quasi-Randles curves. In the high-frequen-

cy area, the semicircle capacitive loop appeared, indi-
cating a certain amount of C-S-H gel already existed 
in the blended cement. In addition, with the increase of 
CMK content, the diameter of the semicircular capac-
itive loop in the high-frequency region reflecting the 
resistance of hydrated electrons in the charge transfer 
process increased significantly. The latter, in turn, was 
susceptible to changes in the microstructure, being 
closely related to the average pore size and porosity 
of the material. Besides, an increase in the diameter of 
the high-frequency semicircular capacitive loop with 
rising CMK concentration enhanced the compactness 
of the blended cement and reduced its porosity [17]. The 
reasons for the above phenomenon were as follows. 
On the one hand, CMK has a strong adsorption effect 
on water molecules because of its smaller particle size, 
larger specific surface area, and stronger surface activ-
ity, which can increase the consistency of cement and 
hinder the migration of ions in the pore solution. On 

Fig.9  The Nyquist plots for different hydration periods
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the other hand, the addition of CMK could accelerate 
the early hydration rate of HBSC[24, 33].

With the progress of hydration (Fig.9(c)), the ef-
fect of CMK became very significant. At the same hy-
dration time, the semicircular capacitive loop diameter 
of the test groups containing CMK was much greater 
than that without CMK. Comparing with the data for 
different test groups after 3, 7, and 14 days, it can be 
found that, with the increase of hydration time, the 
semicircular capacitive loop diameter in the high-fre-
quency zone dramatically increased with the increase 
of CMK content. Also, the straight-line slope in the 
low-frequency region rapidly decreased with increasing 
CMK concentration. In general, the electrochemical 
reaction inside the CMK-containing cement took place 
earlier than that in the cement without CMK. And with 
the increase of CMK content at the same hydration 
time, the semicircular capacitive loop diameter in the 
high-frequency zone increased, which indicated that 
the incorporation of CMK significantly accelerated 
the rate of hydration reaction and hydration process 
of the blended cement. The decrease in the slope of 
the oblique straight line in the low-frequency region 
indicated an increase in the CMK content, making it 
difficult the ion diffusion. Therefore, compared with 
the specimen without CMK, the structure of blended 
cement was denser due to the added CMK. This well 
explains the rapid increase in compressive strength of 
blended cements with CMK after 7 days of hydration.

After 14 and 28 days (Figs.9(d) and 9(e)), the 
diameters of the semicircle capacitive loops in the 
high-frequency zone of specimens continued to grow. 
But the growth rate and amplitude were significantly 
lower as compared to those in Fig.6(c), exhibiting the 
characteristics of a stable hydration period. This phe-
nomenon was consistent with the slower growth rate of 
the compressive strength of CMK-reinforced cement 
from 14 to 28 days.
3.5	 Equivalent circuit model

Generally, cement-based materials can be con-

sidered the specific electrochemical systems[34]. Due to 
their internal porous structure and the existence of pore 
solution, the hydration process induces a significant al-
teration in their internal structure, which can monitored 
via EIS[21]. Consequently, the EIS method is applicable 
for investigating the hydration process of HBSC with 
CMK. The electrochemical impedance spectrum and 
the corresponding impedance parameters of the blend-
ed cement can be obtained by the electrochemical test 
method, which allows one to elucidate the hydration 
mechanism occurring in the material.

To date, numerous equivalent circuit (EC) models 
have been proposed for the analysis and interpretation 
of the Nyquist plots and impedance parameters to de-
scribe the hydration process in cements[35-37]. However, 
in some cases, the existing EC approaches fail to simu-
late the cementitious specimen because of some limita-
tions. For example, the model developed by Gu[38] and 
expressed as Rs (C1Rct1) (C2Rct2) considers the electrode 
influence of a cementitious material and the external 
test electrode. However, the dispersion effect, that is, 
the deflection of the impedance spectrum curve of the 
composite, is neglected.

To obtain accurately the electrochemical param-
eters, we modified the EC model proposed by Gu by 
replacing the capacitor with a constant phase element 
(CPE), so that it could be described as Rs(CPE1Rct1)
(CPE2Rct2) (see Fig.10). The circuit of a cement matrix 
is located within the dashed box and the other part is 
the external test electrode. Since the external test elec-
trode exerts a little influence on the cement hydration 
process, it is not considered in this study. The role of 
each parameter in these models is as follows: Rs is the 

Fig.11  Microstructure of cement materials

Fig.10  Modified equivalent circuit model
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electrolyte resistance in the pore solution; CPE1 the 
constant phase element that represents the electrical 
double layer capacitance between the solid and liquid 
phases; Rct1 the resistance of the charge transfer process 
in the cement specimen. 

The cement specimen is composed of a solid part 
(hydration products and unhydrated cement) and pores, 
and its microstructure is schematically illustrated in 
Fig.11(a) [22]. In such a structure, there are three dif-
ferent conductive paths: a continuous conductive path 
(CCP), a discontinuous conductive path (DCP), and an 
insulator conductive path (ICP). Correspondingly, the 
microstructure of cement can be simplified as shown 
in Fig.11(b), where the grey and white areas represent 
the solid part and pores, respectively. In addition, PS 
means the pore solution and DP is the discontinuous 
point.

Based on the comparative analysis and simplifica-
tion of multiple EC models in the relevant research[22], 
the equivalent circuit components and cement micro-
structure can be connected, and the following relation-
ships can be established:

RCCP = RS+Rct1                          (9)

RCCP = (RS+Rct1)RS/Rct1                (10)

RCP/RCCP = RS/Rct1                     (11)

RDP = CPE1[Rct1/(RS+Rct1)]
2             (12)

The significance of each parameter in the above 
equations is as follows: RCCP is the total impedance of 
all the CCPs in the blended cement; RCP the resistance 
of the connected part of DCPs; CDP the capacitance of 
the DP point of DCP, which are treated as a double par-
allel plate capacitance[22].
3.6	 Analysis of the impedance parameters

The microstructural characteristics of blended ce-
ments govern their mechanical properties. Based on the 
proposed EC model, the Nyquist plots of the cement 
materials with different CMK contents and hydration 
times were fitted to obtain the impedance parameter 
values (Rs, Rct1, and CPE1). Thus, the impedance pa-
rameters RCCP and RCP can be calculated by formulas (9) 
to (12), which are sensitive to the ion concentration in 
the pore solution and the porosity of cement materials. 
That is, any changes in the microstructure of the mate-
rial will cause alterations in these parameters, therefore 
making them important for present research.

The impedance parameter RCCP of the blended 

cement is shown in Fig.12 as a function of hydration 
time. The obtained curves were similar to those of 
compressive strength (Fig.3), exhibiting an increasing 
trend with the hydration time and reflecting the re-
markable effect of incorporated CMK on the value of 
RCCP. Compared with the undoped specimen, the value 
of RCCP for the test groups was increased by 1.84-3.95 
times after 7 days and by 1.64-2.45 times after 28 days. 
Moreover, the value of RCCP, which indicated the total 
impedance of all the CCPs in the blended cement, was 
inversely proportional to the ion concentration in the 
pore solution and the porosity of the blended cement[22]. 
The larger was the parameter value, the stronger was 
the compactness of the microstructure.

The impedance parameter RCP of the blended ce-
ment at different hydration times is plotted in Fig.13. It 
can be seen from the figure that the parameter value in-
creased with increasing hydration time. It is noteworthy 
that the parameter RCP reflects the state of disconnected 
pores. Furthermore, its behavior was similar to that of 
RCCP, showing the rapid growth in the early stage and 
the slower one at the final stage of hydration.

This could be due to the following reasons. First, 
the incorporation of CMK increases the early hydration 
rate of blended cement and dramatically accelerates its 
hydration reaction[39]. In the early stage, the hydration 
products like needle-like AFt, small-size hexagonal 
AFm flakes and spherical C-S-H gel particles will 
fill the conductive paths without blocking the CCPs. 

Fig.12  Impedance parameter RCCP as a function of hydration time

Fig.13  Impedance parameter RCP as a function of hydration time
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Second, the addition of CMK improves the degree of 
hydration of the blended cement and its participation 
in the hydration process[40]. Furthermore, C-S-H gel 
and AFm were produced by the pozzolanic reactions 
and adsorbed to a needle-like AFt structure that was 
afterwards transformed into a rod-shaped one. This 
will further increase the values of electrochemical 
parameters (RCCP and RCP). Third, there is a large num-
ber of rod-shaped and column-shaped AFt inclusions 
formed in the later stage, and due to the overlapping 
and adsorption of AFm and C-S-H gel, a certain dense 
structure may completely block a part of the point-to-
point channel. As a result, some CCPs are blocked by 
the hydration products and turned into DCPs, which 
leads to a slowdown in the parameter value growth rate 
to some extent. Furthermore, while the RCCP value has 
dropped significantly, the RCP parameter exhibited a 
slow decrease. 

By comparing the two parameters with each oth-
er, RCCP is found to be more sensitive to microstructural 
changes, as concluded from its greater amplitude of 
variation. In this respect, we further considered it as 
the main indicator for the investigation of the cement 
microstructure. Since the microstructure is closely re-
lated to the mechanical properties, especially the com-
pressive strength, the next part of the current research 
will be aimed at establishing the relationship between 
the impedance parameter RCCP and the compressive 
strength.

Fig.14 displays the correlations between the RCCP 
values and the compressive strength of the cement ma-
terials with different CMK contents. The obtained plots 
were fitted using the linear function y = ax + b. All the 
goodness-of-fit coefficients, R2, were greater than 0.94, 
indicating a strong relationship between the two param-
eters. The slopes of the fitting curves decreased with 
increasing CMK content from 0 to 20%, remaining al-
most unchanged with a further increase in dopant con-
centration. Therefore, based on the modified equivalent 

circuit model, it is feasible to predict the compressive 
strength of cement materials by only determining the 
parameter RCCP via electrochemical impedance spectros-
copy.

4	 Conclusions

In this study, the effects of CMK on the properties 
of high-belite sulphoaluminate cement were investigat-
ed. The mechanical properties of CMK-HBSC blended 
cement were investigated by compressive strength. The 
hydration process of the blended cements at the micro-
structural level was studied by means of XRD, SEM 
and EIS techniques. Based on the results, the main con-
clusions of present research can be drawn as follows:

a) CMK could accelerate the formation of strength 
in the cement and had a remarkable enhancement ef-
fect on the early and late stages of strength. The higher 
was the CMK content, the greater was the compressive 
strength of the cement.

b) The incorporation of CMK did not change the 
composition of HBSC hydration products but exerted 
a large impact on the hydration reactions themselves. 
In particular, according to the XRD results, CMK par-
ticipated in the hydration process, consuming a large 
amount of Ca(OH)2 and promoting the increase of 
hydration products, which had a significant promotion 
effect on the formation of the AFm and C-S-H gel 
phase. Compared with cement particles, the hydration 
products had a denser structure.

c) EIS enabled one to reflect the hydration de-
gree and internal microstructural changes of blended 
cements. As the hydration time increased, the Nyquist 
plots shifted toward the typical Quasi-Randles pro-
files. Each EIS curve of cements was composed of a 
semicircle capacitive loop with a certain offset at high 
frequency and an oblique straight line at low frequency. 
And with the increase of CMK content, the curve con-
tinuously moved to the right, whereas the diameter of 
semicircular capacitive loops increased. Namely, with 
the incorporation of CMK, the blended cement had a 
denser internal structure.

d) The impedance parameter RCCP showed the 
increasing trend similar to that of the compressive 
strength, with a rapid growth in the early stage and a 
slow one in the later stage of hydration. The larger was 
the parameter value, the stronger was the microstruc-
ture compactness of blended cement. Furthermore, a 
linear relationship between the impedance parameter 
RCCP and the compressive strength was established, 

Fig.14  The correlation between the compressive strength and RCCP
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making it possible to nondestructively assess the com-
pressive strength of cementitious materials using the 
impedance parameter.
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