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This study aims to minimize the carbon emissions of cement and investigate the
viability of employing activated coal gangue (CG) as an additional cementitious
ingredient. This paper investigated the effects of water-cement ratio, ages, and
amount of activated CG dosing on the compressive and flexural strength of
cement mortar as well as the effects of activated CG on hydration products,
hydration process, and hydration degree. The impacts of activated CG on the
hydration products and microstructure of cement were examined using XRD,
SEM, and TG/DTG systems. A large amount of active SiO2 and Al2O3 in the
activated CG react with Ca(OH)2 leading to a secondary hydration reaction in
cement. The hydrated calcium silicate and hydrated calcium aluminate gels
produced by the subsequent hydration process can reduce the porosity of
hardened cement and boost cement mortar strength. The 28 days flexural and
compressive strengths of specimens with 30wt.% activated CG rise by 11.69% and
11.82%, respectively, in comparison to that of specimens with 30wt.% quartz
powder. When activated CG is mixed with cement, the early hydration rate of the
cement can be decreased while the later hydration rate is increased.
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1 Introduction

Being one of the few nations where coal serves as the principal energy source, China has
abundance of coal resources and is both the world’s largest producer and user of coal (Wang
et al., 2016; Xue et al., 2020; Zhang et al., 2020; HU et al., 2022). According to statistics,
China’s CG accumulation will reach 7 billion tons, and with an increase of 150 million t/a in
2023, it has become one of the largest solid wastes in China (He et al., 2023). 0.1–0.2 tons of
solid CG trash are formed for every ton of coal produced (Zhou, 2009). In addition to heavily
contaminating the environment and encroaching on a lot of territory, the large accumulation
of CG is also lead to collapsing and silting up waterways (Zhang et al., 2013; Wang et al.,
2021a; Li et al., 2021; Qiu et al., 2021; Chang et al., 2022). In conclusion, the CG can be
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harmful if improperly handled. It still has potential utility, and a lot
of scholars are interested in how to resource utilization of CG.

As CG contains large quantities of SiO2 and Al2O3, it may be
used to produce cement instead of clay, which is energy efficient,
costless, and environment friendly (Xu et al., 2015; Monteiro-
Paulo-J et al., 2017; Arreola-Sanchez et al., 2021; Wang et al.,
2021b; Zhang et al., 2021; Liu, 2022). Additionally, kaolinite is
abundant in CG. And kaolinite can be transformed into metakaolin
under specific circumstances, which is rich in active SiO2 and
Al2O3. Therefore, CG possess potential gelability. In order to
realize the efficient utilization of CG in cement production and
application, scholars have done a lot of research on the effect of CG
on cement properties.

CG was studied as a possible addition as fine aggregate for
concrete. The results of the trials carried out by Duan et al. (Duan
et al., 2014a; Duan et al., 2014b) showed that 20% of CG is the ideal
level, improving the early strength of concrete. According to the
research of Dong et al. (2016), the CG fine aggregate calcined at
various temperatures will significantly affect the pore structure of
cement-hardened mortar. The secondary hydration reaction
between CG and cement produces more hydration products,
reducing the porosity of cement-hardened mortar. From the
perspective of mineral composition, the main component of CG
is aluminosilicate and exists in the form of mineral crystals, so it
doesn’t has the property of directly acting as a gelling material (Jiao
et al., 2022). Liu et al. (2022) prepared alkali-activated cement using
800°C calcined CG powder. The tests showed that 3 days, 7 days,
28 days compressive strengths of alkali-activated cements rose by
8%, 25%, and 13%, respectively, when 10% calcined CG powder was
added. Ding et al. (202) studied the effect of specific surface area and
chemical initiator on compressive strength of CG specimens. And
the results showed that the activity of CG would be significantly
improved after mechanical grinding, as mechanical grinding
destroyed the original mineral structure of CG, increased the
fracture rate of silicon-oxygen bonds and improved the specific
surface area. With the addition of 10wt.% CG and 2wt.% Ca(OH)2,
the secondary hydration reaction will be accelerated leading to the
significant increase of the compressive strength of specimen. The
Ca(OH)2 increases the contact area between the alkali solution and
CG, accelerates the dissolution rate of CG particles, and releases
more alkali metal ions such as Si4+ and Al3+ in the system to produce
new hydration products. High-temperature calcination activation
method was utilized by Jiu et al. (Jiu et al., 2022) to treat CG. The
study found that the kaolinite in the CG take place de-hydroxylation
reaction during the calcination process and transforms into
metakaolinite. The activity index of activated CG reach 114%–135%.

Guo et al. (2011) found that when 30% unactivated CG was
added, the 28 days strength was reduced by 36% compared with the
pure cement, and the strength could reach 42.5 MPa after
calcination at 700°C and grinding treatment. According to the
investigation of Shi et al. (2008), there are two phases in the
hydration reaction of cement with CG: At first, the calcium
hydroxide reacts with the CG to produce hydration products,
and then the calcium hydroxide reacts with CaSO4 and CG to
form AFt. According to the study of Wang et al. (2021c), the
interface transition zone of concrete containing CG aggregate is a
weak area. It is caused by the fact that insufficient ion migration led
to the limit of secondary hydration reaction.

Scholars have done a lot of work on the application of CG in
cement, and the existing research results show that CG after
treated by thermal activation, mechanical activation, and
chemical activation, can improve the mechanical properties of
cement, and decrease the porosity of cement. Additionally, as
CG is widely dispersed, it has a complicated and varied
composition, and a variable influence on cement
performance. The research of CG focuses on the optimal ratio
of cement admixture, and there is less research on the influence
mechanism of cement properties. Thus, the impact of CG on the
hydration mechanism of cement needs to be revealed in order to
use CG efficiently.

For finding substitutes for cement active mineral additive, this
work investigated the impact of activated CG (from Yangquan,
Shanxi, China) on mechanical performance and hydration
mechanism of cement. The CG was activated by mechanical
grinding and high temperature calcination. And the influence of
activated CG on themechanical properties were showed. XRD, SEM,
TG/DTG were used to analyzed the effect of activated CG on
hydration mechanism of cement.

2 Experiment

2.1 Raw materials

CG was obtained from Yangquan China. The cement is
produced by using gypsum and cement clinker from the
Huaxin cement factory. Moreover, the sand is Xiamen-
produced ISO sand.

Table 1 shows the chemical compositions of cement and CG in
the Yangquan region. Figure 1 shows the mineral compositions of
cement and CG. The mineral compositions of the CG in the
Yangquan region are shown in Table 2. According to Figure 1A,
the primary minerals in cement are gypsum, C3S, C2S, C3A, and
C4AF. According to Figure 1B, the primary minerals of CG in the
Yangquan region are mica, kaolin, quartz, calcite, siderite, and
dolomite. The primary oxide compositions of CG are SiO2 and
Al2O3 as shown in Table 1. Table 2 demonstrates that kaolinite is
one of the main minerals in CG at the Yangquan region. These
indicate that the CG in the Yangquan region show potential activity
as cement mineral additive.

The coal gangue was finely grounded by the vertical planetary
mill (YXQM-4L) for better activity. The rotation speed is set to
600 r/min, and the grinding time is 30 min. The particle size
distribution of CG is showed in Figure 2. It can be seen in
Figure 2B that after 30 min of milling, the particle size of coal
gangue powder is about 20 μm. Particles smaller than 20 μm
accounted for 56.92% of the total, particles smaller than 50 μm
accounted for 93.38% of the total, and particles smaller than 100 μm
accounted for 100% of the total.

2.2 Specimen preparation and curing
condition

Existing studies have shown that thermal activation is one of
the most effective ways for improving the activity of CG (MAKO
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et al., 2006; TAO et al., 2014; Guo et al., 2022). When the
activation temperature of CG in a range of 800°C–900°C, the
kaolinite in CG can be converted into metakaolin with an
amorphous structure. Amorphous metakaolin possess high
activity. When the calcination temperature exceeds 900°C,
metakaolin further converte to mullite and loses its activity
(Wu et al., 2016; Cao et al., 2017; Qiang, 2020; Wang et al.,
2022). Therefore, the CG was pulverized to a particle size of
20 μm after being calcined at 850°C for 2 h. The XRD analysis of
CG following high temperature calcination is shown in Figure 3.
The image demonstrates the changes in mineral species and
structure of CG following high temperature calcination at 850°C.
The interlayer water is removed from kaolinite and disruption of
the kaolin’s structure by high temperature calcination led to the
formation of metakaolinite (reactive SiO2 and Al2O3) (Cheng
et al., 2018). Pure cement specimens (40 mm × 40 mm ×
160 mm) and mortar specimens (40 mm × 40 mm × 160 mm)
were prepared using the mix ratios in Tables 3, 4, respectively.
After 24 h of curing (The relative humidity was 95% and at a

temperature of 20 ± 1°C), they were demolded, and then further
set in water at a temperature of 20 ± 1°C.

2.3 Testing methods

2.3.1 Mechanical properties test
The compressive and flexural strengths tests of specimens

(40 mm × 40 mm × 160 mm) were determined at the curing age
of 3, 28, and 90 days. The compressive and flexural strengths of
specimens were determined by using an automated cement mortar
strength testing machine. The loading rate of the flexural strength is
50 N/s and that of the compressive strength is 2400 N/s.

2.3.2 XRD test
XRD was employed to determine the mineral compositions of

CG and cement. After mechanical properties test, hydration
products of specimen per formulation were also analyzed by
XRD. The samples in powder form were identified by XRD

TABLE 1 Oxide composition of coal gangue and cement/wt.%.

Oxide composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI

Portland cement 22.06 6.14 3.43 62.98 2.77 2.12 0.5

Coal gangue 45.99 31.72 5.52 5.45 0.55 0.45 10.32

FIGURE 1
XRD analysis results of raw materials. (A) cement. (B) coal gangue.

TABLE 2 Mineral content in coal gangue/wt.%.

Raw material Kaolin Quartz Organic carbon Calcite Pyrite Siderite Dolomite

Coal gangue 52.7 20.5 5.7 5.2 4.5 5.3 6.1
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FIGURE 2
The image (A) and the PSD analysis (B) of CG. (A) Coal gangue powder. (B) PSD analysis of CG.

FIGURE 3
Sample preparation and curing flow chart.

TABLE 3 Cement paste mix ratios/wt.%.

Sample No. W/B Cement Activated coal gangue Quartz powder

W1 0.36 100 0 0

W2 0.36 70 30 0

W3 0.36 70 0 30
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(copper radiation after nickel filtration) with acquisition range from
4° to 60° (2θ). The scan rate is 2°/min and the step size is 0.02°.

2.3.3 SEM/EDS test
SEM equipped with an EDS device system are used a scanning

electronmicroscope (JEOLJSM-6460LV) with an accelerated voltage
of 20 kV to investigate the hydration products of specimens after
polishing and spraying with gold.

2.3.4 TG/DTG test
Thermal analyzer of Switzerland Mettler Toledo was utilized to

semi-quantitatively analyze hydration products of specimen per
formulation. The samples in the form of powder were heated in
a nitrogen atmosphere. The maximum temperature of heating is
1,000°C, and the heating rate is 10°C per minute.

3 Results and discussion

3.1 Effect of activated coal gangue on the
mechanical properties of cement

Figure 4 shows the flexural and compressive strengths of pure
cement specimens, specimens with 30wt.% activated CG, and
specimens with 30wt.% quartz powder at 3 days, 28 days, and

90 days. Pure cement specimens show the highest flexural and
compressive strengths under the age of 3 days, 28 days, and
90 days, followed by specimens with 30wt.% activated CG, while
specimens with 30wt.% quartz powder have the lowest flexural and
compressive strengths. It was also shown that curing age greatly

TABLE 4 Specimen mix ratios/g.

Sample No. W/B Water Cement Activated coal gangue Quartz powder Standard sand

W1 0.36 160 450 0 0 1,350

W2 0.36 160 315 135 0 1,350

W3 0.36 160 315 0 135 1,350

FIGURE 4
Effect of 30% activated coal gangue on the mechanical properties of cement. (A) flexural strength. (B) compressive strength.

FIGURE 5
Effect of curing age on the hydration products of cement with
30wt.% activated CG.
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increases the flexural and compressive strengths of pure cement
specimens, 30wt.% activated CG specimens, and 30wt.% quartz
powder specimens. In comparison to specimens made of 30wt.%
quartz powder, the flexural strength of 30wt.% activated CG
specimens improves by 12.96%, 11.69%, and 10.98% at 3 days,
28 days, and 90 days, respectively, while the compressive strength
increases by 14.53%, 11.82%, and 16.10%, respectively. This caused
by the fact of that Al2O3 and SiO2 reacted with CaO in cement to
form a significant number of hydration products, which can make
up for the strength loss due to the reduction of partial cement (Xiao,
2015).

3.2 The effect of activated CG on cement
hydration products by XRD analysis

As seen in Figure 5, the 30wt.% activated CG cement’s hydration
products are significantly influenced by the curing age. The
diffraction intensity of quartz increases while that of C4AF and
C3S decreases as curing age grows from 3 days to 90 days. This is
because when the curing age rises, cement minerals like C4AF and
C3S increasingly hydrate and produce a significant amount of
amorphous hydration products. Quartz, on the other hand, is an
inert additive and won’t take part in the reaction. Also, it is shown
that with the increasing of the curing age, the amount of calcium
hydroxide in the cement with 30wt.% activated CG steadily
decreases. A significant amount of calcium hydroxide generated
by C3S and C2S hydration is consumed, which caused by the fact that
the active SiO2 and Al2O3 in activated CG reacted with calcium
hydroxide to form hydrated calcium silicate and hydration calcium
aluminate, during the subsequent hydration process. Consuming
calcium hydroxide concurrently enhances the hydration process of
C3S and C2S in a substantial way.

According to Figure 6A, the amount of activated CG
significantly affects the cement hydration products at 3 days.
When activated CG doping increases, the diffraction intensity of

C4AF and C3S considerably decreases while quartz content
dramatically rises. The relative cement content reduces with
increasing CG doping in specimens, resulting in a decrease in
C4AF and C3S content and an increase in quartz content.
Moreover, an increase in the amount of activated CG will speed
up the cement’s hydration process, producing a lot of amorphous
hydration products and further lowering the levels of C4AF and C3S.
The active SiO2 and Al2O3 in activated CG will react with calcium
hydroxide to consume calcium hydroxide, as seen by the drop in the
diffraction intensity of calcium hydroxide as the addition of
activated CG rises. Combining Figures 6A, B, it can be shown
that the diffraction intensity of calcium hydroxide decreases
noticeably from 3 days to 28 days in specimens with various
quantities of activated CG. This suggests that cement mineral
hydration is faster than the secondary hydration reaction of

FIGURE 6
Effect of activated coal gangue dosing on hydration products at 3 days (A) and 28 days (B).

FIGURE 7
XRD analysis of hydration products of specimens with 30wt.%
activated CG and 30wt.% quartz powder.
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calcium hydroxide in cement with active SiO2 and Al2O3 in
activated CG.

Figure 7 displays the XRD examination results of the hydration
products in specimens with 30wt.% activated CG and 30wt.% quartz
powder. Quartz powder is an inert additive that won’t interact with
the cement, meaning it won’t effect the hydration products of the
cement. As shown in Figure 7, the diffraction intensities of calcium
hydroxide, C4AF, and C3S in the specimens with 30wt.% activated
CG are significantly weaker than those in the specimens with 30wt.%
quartz powder. This implies that activated CG significantly
promotes the hydration of the cement by the reaction between
Ca(OH)2 and active SiO2 and Al2O3 in activated CG, and further
improve hydration rates of C4AF and C3S as the consumption of
Ca(OH)2. Ettringite is present in the slurry of 30wt.% activated CG
cement. Nevertheless, ettringite (AFt) is not present in the slurry of
30wt.% quartz powder CG cement. This suggests that ettringite is the
hydration product of secondary hydration reaction in specimens
with 30wt.% activated CG.

In conclusion, after mixing cement with 30wt.% activated CG and
water, C2S and C3S in cement reacted with water to form hydrated
calcium silicate and calcium hydroxide. And then the active SiO2 and
Al2O3 in activated CG reacted with the Ca(OH)2 to form hydrated
calcium silicate and hydrated calcium aluminate gel. Active Al2O3 also
reacted with Ca(OH)2 and CaSO4 to produce ettringite. This is the
reason that the flexural and compressive strength of the specimens with
30wt.% activated CG is higher than that of the specimens with 30wt.%
quartz powder. These secondary hydration products filled the pores in
the cement matrix, optimized the pore structure of the cement, and
improved the mechanical properties of specimens.

3.3 SEM analysis of the effect of activated CG
on hydration products

The shape of the hydration products of pure cement paste and
cement with 30wt.% activated CG at 3 days, 7 days, and 28 days, as

FIGURE 8
SEM/EDS analysis of the hydration products of pure cement and cement with 30wt.% activated CG. (A, B) 3 days. (C, D) 7 days. (E, F) 28 days.
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well as the element composition at the numbered locations, were
examined using SEM to estimate the calcium-silica ratio of the
hydrated calcium silicate gel.

The calcium-silica ratios of the hydrated calcium silicate in
cement at the numbered locations are shown in Figure 8. With the
increasing of age, the significant changes in the microscopic
morphology of the hydration products of pure cement paste and
cement with 30wt.% activated CG have occurred. At 3 days, the
matrix of cement with 30wt.% activated CG (Figure 8B) and the pure
cement paste (Figure 8A) both contain a large number of
unhydrated cement particles while the pure cement paste
contains the most unhydrated cement particles. The hydration
products in pure cement paste are hydrated calcium silicate,
Ca(OH)2 and small number of ettringite. However, the primary
hydration products of cement with 30wt.% activated CG are
hydrated calcium silicate (C-S-H) and large number of ettringite.
This indicates that active Al2O3 in the activated CG reacting with
Ca(OH)2 and CaSO4 will produce more ettringite, as described in
Eq. 1. The addition of activated CG will reduce the ratio of calcium
to silicate of C-S-H in cemet. The ratio of calcium to silicate of
C-S-H in cement with 30wt.% activated CG decreased from 0.61 to
0.55, compared with pure cement paste. According to this, Ca(OH)2
will be consumed during the secondary hydration reaction, further
accelerating the hydration of C2S and C3S (Zhang et al., 2004).

Al2O3 + 3Ca OH( )2 + 3CaSO4 + 23H2O → 3CaO · Al2O3

· 3CaSO4 · 32H2O (1)

As the curing period is extended to 7 days, there is a considerable
reduction in the quantity of unhydrated cement particles in pure
cement paste (Figure 8C), an increase in the Ca(OH)2 content. And
significant amounts of hydrated calcium aluminate and hydrated
calcium silicate is observed. Ca(OH)2, hydrated calcium aluminate
and hydrated calcium silicate are the hydration products of C3S, C2S,
and C3A in cement. Moreover, with increasing curing age the ratio
of calcium to silicate of C-S-H decreased from 0.61 to 0.58,
demonstrating that the hydration degree of C3S and C2S becomes
more complete. Also, it is found that the calcium alumina content in
pure cement paste starts to increase. According to Figure 8D), the
unhydrated cement particles in the cement with 30wt.% activated
CG greatly reduce as the curing age increases from 3 days to 7 days,
and Ca(OH)2 begins to dramatically decrease. This suggests that the
active SiO2 and Al2O3 in activated CG react vigorously with
Ca(OH)2 and consume a significant quantity of Ca(OH)2 formed
by the hydration of C3S and C2S. In the meantime, the amount of
hydrated calcium aluminate in cement with 30wt.% activated CG
dramatically decreased. This is because a large quantity of hydrated
calcium aluminate is consumed as hydrated calcium aluminate react
with CaSO4 forming ettringite. It is worth noting that the ratio of
calcium to silicate of calcium silicate hydrate in cement with 30wt.%
activated CG increases from 0.55 to 0.57 as the curing duration rises
from 3 days to 7 days. This is caused by the reaction between
activated SiO2 in activated CG and Ca(OH)2 resulting in the
formation of C-S-H, which has a higher ratio of calcium to silicate.

The unhydrated cement particles in pure cement paste are
nearly nonexistent when the curing period is extended to 28 days
(Figure 8E), demonstrating that the cement has essentially finished
the hydration reaction. Ettringite and Ca(OH)2 are abundant in pure

cement, and the ratio of calcium to silicate of C-S-H falls to 0.51.
According to this finding, the ratio of calcium to silicate of hydrated
calcium silicate falls as age rises, suggesting the hydration reaction of
C3S and C2S becomes more sufficient. As it can be seen in Figure 8F
that there is few Ca(OH)2 and ettringite in the cement with 30wt.%
activated CG, indicating the hydration reaction of cement with
30wt.% activated CG has completed. These results indicate that a
secondary hydration reaction between activated CG and Ca(OH)2
produce a considerable quantity of C-S-H (see Eq. 2). Calcium
sulfoaluminate monosulfide hydrate (AFm) is produced
simultaneously by reaction between ettringite and hydrated
calcium aluminate (see Eq. 3). As a consequence, the amount of
Ca(OH)2 and ettringite in cement with 30wt.% activated CG are
significantly reduced by the reaction between activated CG and
Ca(OH)2, as well as ettringite and hydrated calcium aluminate. And
the rections will produce more C-S-H and AFm leading to increase
the density of cement with 30wt.% activated CG. It can be observed
an increase in the ratio of calcium to silicate of C-S-H in cement with
30wt.% activated CG with the increase of age. As the age rise from
3 to 28 days, the ratio of calcium to silicate of C-S-H in cement with
30wt.% activated CG increase from 0.55 to 0.87.

2SiO2 + 6H2O + Ca OH( )2 + aq → 3CaO · 2SiO2 · nH2O

+ 3Ca OH( )2 (2)
C3AS3 · 32H + 2C4AH13 � 3 C3AS · 12H( ) + 2CH + 20H (3)
As the activated CG show high reactivity, active SiO2 and Al2O3

in activated CG can react with gypsum and Ca(OH)2 in cement to
formC-S-H, C-A-H, AFt and AFm. Thus, activated CG can promote
the hydration reaction of cement. This is the reason that activated
CG can enhance mechanical properties of cement. As a
consequence, the W1 group with 30wt.% activated CG shows
higher flexural and compressive strengths than that of W3 group
with 30wt.% quartz powder.

3.4 TG/DTG analysis of the effect of
activated CG on hydration products

The hydration products including C-S-H gel, AFt, Ca(OH)2, and
CaCO3 in cement will decompose at a specific temperature.
Therefore, the content of hydration products in cement can be
measured by TG/DTG analysis. Figure 9 displays the results of TG/
DTG analysis of cement with 30wt.% activated CG after hydrated for
28 days.

The TG/DTG analysis results reveal that the weight loss of
the cement with 30wt.% activated CG consisted of the following
four stages: the weight loss in a temperature range of 50–400°C
due to the loss of the bound water of calcium silicate hydrate,
calcium aluminate hydrate, and Aft (TG1); the weight loss in a
temperature range of 400–500°C attributed to the decomposition
of Ca(OH)2 (TG2); the weight loss in a temperature range of
500–760°C ascribed to the secondary dehydration of C-S-H,
C-A-H, and AFt (TG3); and the weight loss in a temperature
range of 760–950°C ascribed to the loss of CO2 of calcium (TG4).
The weight loss of cement with 30wt.% activated CG in four
stages is 9.05%, 2.81%, 2.61%, and 1.61%, respectively. These
findings can be used to compute the total bound water in
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hydrated calcium silicate, hydrated calcium aluminate, AFt,
calcium hydroxide, and the content of hydration products in
cement with 30wt.% activated CG at 28 days can be obtained by
the follow Eqs 4–6.

M1 � TG1 + TG2 (4)
M2 � TG2

18
+ TG4

44
( ) × 74 (5)

M3 � TG1 + TG2 + TG3 + TG4

44
× 18 (6)

Where, M1 represents the mass percentage of C-S-H, C-A-H,
and AFt in the total mass of the bound water;M2 represents the mass
percentage of Ca(OH)2; and M3 represents mass percentage of the
total bound water in all hydration products. According to above
equations (Eqs 4–6), M1 = 11.66 wt.%, M2 = 14.26 wt.%, and M3 =
15.13 wt.%.

By using TG/DTG data and Eqs 4–6, the bound water content of
hydration products in pure cement paste, cement with 30wt.%
activated CG and cement with 30wt.% quartz powder at different
ages can be obtained, which are shown in Figure 10. According to
Figure 10, curing age greatly affects the amount of hydration
products in pure cement paste, cement with 30wt.% activated CG
and cement with 30wt.% quartz powder. Yet as the curing period
grows, the bound water content of hydration products gradually
increases, suggesting that the degree of hydration rises with the
extension of age. However, the growth rate of the bound water
gradually decreases, which is caused by fewer unhydrated
components and slower rate of hydration. With the age growing
from 1 day to 28 days, the bound water content in pure cement
paste, cement with 30wt.% activated CG, and cement with 30wt.%
quartz powder increases from 6.81wt.%, 6.47wt.%, and 5.41wt.% to
15.36wt.%, 15.03wt.%, and 12.09wt.%, respectively. In pure cement

FIGURE 9
TG (A)/DTG (B) analysis of cement with 30wt.% activated CG hydrated for 28 days.

FIGURE 10
Effect of activated CG on the bound water of hydration product.

FIGURE 11
Effect of activated CG on Ca(OH)2 content.
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paste and cement with 30wt.% activated CG, the amount of bound
water is almost equal, while it is significantly higher than that in
cement with 30wt.% quartz powder. The activated CG involved in
the secondary hydration reaction will form more hydration
products, which makes up for the decrease in hydration products
brought by the drop in cement content. In the first 14 days, the
growth rate of total bound water in pure cement paste is higher than
that in cement with 30wt.% activated CG, but it is lower than that of
cement with 30wt.% activated CG after 14 days. This demonstrates
that the addition of the activated CG will decrease the rate of cement
hydration at early age. Due to interaction between activated CG and
Ca(OH)2, it will boost the rate of cement hydration at later age.

The hydration of C3S and C2S lead to the formation of Ca(OH)2
in cement. As a result, the cement hydration process can be revealed
by analyzing the content of calcium hydroxide in cement. The
Ca(OH)2 content in the pure cement paste, cement with 30wt.%
activated CG, and cement with the 30wt.% quartz powder
considerably increase with curing time growing, as shown in
Figure 11. However, the growth rates of Ca(OH)2 content slow
down gradually. This is because that the amount of unhydrated C3S
and C2S decrease as curing time increases, leading to less hydration
reaction. Thus, the growth of Ca(OH)2 is slowed down. The
Ca(OH)2 content in the pure cement paste, cement with 30wt.%
activated CG, and cement with 30wt.% quartz powder increase from
10.04wt.%, 8.63wt.%, and 9.95wt.% to 21.36wt.%, 14.26wt.%, and
19.33wt.%, respectively, as the age increase from 1 day to 28 days. It
can be concluded that the Ca(OH)2 content in cement with 30wt.%
activated CG is the lowest, whereas the Ca(OH)2 content in pure
cement paste is the highest level across all ages. The difference of
Ca(OH)2 content between pure cement paste and cement with
30wt.% quartz powder varies little, but it does the other way
between pure cement paste and cement with 30wt.% activated
CG. This implies that activated CG will participate in secondary
hydration reaction, which consumes lager number of calcium
hydroxide.

In conclusion, activated CG possess high reactivity and can react
with the Ca(OH)2 to form a significant number of hydration
products, which can fill pores in cement and enhance its
mechanical properties. The secondary hydration reaction is the
interaction between Ca(OH)2 and activated CG. And the
secondary hydration reaction is subsequent to the hydration
reaction of cement.

4 Discussion

The results show that the incorporation of activated CG into
cement can reduce the early hydration rate of cement (Wu and He,
2020). But the activated CG contains a large amount of active SiO2

and Al2O3, which can participate secondary hydration with
Ca(OH)2, improving the late hydration rate of cement. And it
will form AFt, hydrated calcium silicate, and calcium aluminate
hydrate gels improving the compactness of the matrix and
enhancing the mechanical properties of cement (Wang et al.,
2022). As solid waste, CG has potential utilization value in the
research of partially replacing cement to prepare green cementitious
materials (Li andWang, 2019). The current research results focus on
the experimental study of the ratio of mineral admixtures, and the

CG used by different scholars comes from different regions.
Meanwhile, the proportioning scheme is different, which makes
it difficult to obtain regular results for the properties of activated CG
cement (Yang et al., 2021; Hao et al., 2022). The influence
mechanism of activated CG on cement hydration is also not
completely revealed (Zhao et al., 2022). Therefore, this paper
selects CG in Yangquan area of Shanxi Province as the main
research object, and studies the hydration products,
microstructure changes and mechanical properties of activated
CG cement through XRD analysis, SEM analysis, TG/DTG
analysis and mechanical experiments. This work finds out that
activated CG possess high reactivity and potential to be used as a
mineral admixture to replace cement. It provides data support and
theoretical basis for the utilization of CG in China, which can not
only alleviate the environmental pressure caused by a large amount
of CG, but also reduce the cost of concrete. However, the effects of
thermal activation temperature and heat activation time on the
activity of CG should be further analyzed to provide a more
comprehensive theoretical support for the resource utilization
of CG.

5 Conclusion

According to XRD, SEM and TG/DTG analyses as well as
mechanical experiment results, the effect of activated CG on
hydration products, microstructure, and mechanical properties of
cement can be revealed. And the impact of activated CG on bound
water in hydration products and Ca(OH)2 in cement are analysed.
The conclusions are drawn as follow.

(1) At the age of 3 days, 28 days, and 90 days, the flexural strength
of specimens with 30wt.% activated CG increase by 12.96%,
11.69%, and 10.98% as well as the compressive strength increase
by 14.53%, 11.82%, and 16.10%, in comparison to that of
specimens with 30wt.% quartz powder.

(2) The activated CG possess high reactivity, the active SiO2 and
Al2O3 in activated CG can react with the Ca(OH)2 generated by
the hydration of C3S and C2S to form C-S-H gels and C-A-H
gels. Moreover, the active Al2O3 in activated CG can react with
Ca(OH)2 and CaSO4 to produce AFt. The formation of
secondary hydration products will improve the mechanical
properties and decrease the porosity of specimens.

(3) When the age increase from 1 day to 28 days, the bound
water content of pure cement paste is similar to that of
cement with 30wt.% activated CG. And they are significantly
higher than the bound water content of cement with 30wt.%
quartz powder. Quartz will not affect the hydration
products. The secondary hydration reaction between
activated coal CG and Ca(OH)2 in cement cement will
produce a large number of hydration products to
compensate for the reduction of cement.

(4) When the age increase from 1 day to 28 days, the content of
Ca(OH)2 in pure cement paste was similar to that of cement
with 30wt.% quartz powder. And they are significantly higher
than that of in cement with 30wt.% activated CG. The secondary
hydration reaction between activated CG and cement consumes
a large amount of calcium hydroxide.
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(5) Activated CG added to cement can slow down the early stages of
cement hydration. Contrarily, in the later stage, cement with
activated CG can outperform pure cement in terms of
hydration rate.
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