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Abstract: The feasibility of composite-activated coal gangue (CACG) as the primary cementitious
material for concrete was experimentally studied in this paper. The effects of concrete strength
grade on slump and slump flow, compressive strength, splitting tensile strength, axial compressive
strength, elastic modulus, and drying shrinkage of alkali-activated coal gangue concrete (AACGC)
were experimentally investigated. Experimental results indicated that the slump and slump flow of
the AACGC were smaller than that of ordinary Portland cement concrete (OPCC). The mechanical
properties of the AACGC were superior to those of the OPCC. The compressive strength, splitting
tensile strength, axial compressive strength, and elastic modulus of the AACGC were 1.17 times,
1.04 times, 1.47 times, and 1.04 times those of the OPCC, respectively. With the increase in concrete
strength grade, the mechanical properties of the AACGC have gradually increased. The difference in
failure modes of axial compressive strength between the AACGC and OPCC was analyzed. Moreover,
the empirical formulas of the elastic modulus and compressive strength for the OPCC in various
regions codes were summarized, and found that the empirical formula in GB 50010-2002 code and EN
1922 Eurocode 2 was also applicable to the AACGC. Finally, the mass-loss rate and drying shrinkage
for the AACGC at different concrete strength grades were systematically analyzed, and a hyperbolic
prediction model was proposed to reflect the drying shrinkage behavior of the AACGC.

Keywords: coal gangue; alkali-activated coal gangue concrete; mechanical properties; drying shrinkage

1. Introduction

Coal gangue was the main by-product of the coal mining and washing industries,
and it is one of the most massive industrial wastes worldwide. It was reported that
coal gangue accounts for about 15~20% of the coal output, and its emission exceeds
7 billion tons, with an annual increase rate of 150 million tons in China [1,2]. Over time,
such non-biodegradable wastes occupy land, pollute the environment by processes such
as air pollution and heavy metal erosion in water and soil, and even induce geological
disasters [3,4]. Hence, the utilization of coal gangue as a recyclable resource has become a
global issue [5–8].

With the rapid development of the construction industry, the consumption of ordi-
nary Portland cement (OPC) has increased significantly, resulting in an increasing short-
age of non-renewable clay resources. In addition, every ton of OPC produced will emit
800~1000 kg of carbon dioxide into the atmosphere [9,10]. Therefore, the search for cemen-
titious materials with low energy, low resource consumption, and low carbon footprint has
become the focus of current research. In 1940, Purdon first proposed that sodium hydrox-
ide could be used to activate the reactivity of pozzolanic materials (such as slag, fly ash,
and coal gangue) in order to prepare alkali-activated cementitious materials (AACM) [11].
Subsequently, researchers found that the AACM exhibited superior performance, including
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dense microstructure, high early strength, low heat of hydration, and excellent resistance
to chemical attack [12–14]. Therefore, the AACM is considered an environment-friendly
substitute for the OPC for the purpose of achieving efficient industrial solid waste recy-
cling. Meanwhile, it was reported that the main chemical compositions of coal gangue
were aluminum oxide (Al2O3) and silicon dioxide (SiO2), accounting for more than 80%
of the total, which was similar to fly ash [8]. Consequently, it may be a potential green
cementitious material, which can entirely or partially replace ordinary Portland cement in
the construction industry. In addition, coal gangue has more reserves, higher content of
silica and alumina, and higher cementitious material activity compared to metallurgical
wastes, such as steel slag, red mud, and copper slag.

Coal gangue can be viewed as a potential resource instead of a waste after appropriate
treatment. Some researchers have adopted coal gangue treated by mechanical activation
or thermal activation as an admixture in concrete [15,16]. However, the proportion of coal
gangue in cementitious materials was still less than 15% due to its low reactivity [17,18].
In order to increase and accelerate the utilization of coal gangue, researchers began to
investigate the feasibility of using coal gangue to prepare alkali-activated coal gangue
cementitious materials. Zhang et al. found [19] that sodium silicate could generate more
hydration productions in comparison with sodium hydroxide and potassium hydroxide for
alkali-activated coal gangue cementitious materials. Zhao et al. [20] adopted the composite-
activated coal gangue to prepare alkali-activated coal gangue cementitious materials. They
also analyzed the influencing factors of compressive strength, including the modulus of
sodium silicate, alkali content, calcination temperature, holding time, and water-to-binder
ratio. Ma et al. [21–23] investigated the mechanical properties, drying shrinkage, and
durability of alkali-activated coal gangue mortar. Currently, relevant research mainly
focuses on the activation method and mechanism of coal gangue, factors influencing the
activity of coal gangue and its mechanism, the hydration mechanism of alkali-activated coal
gangue cementitious materials, and the workability, mechanical properties, microstructure
characteristics, chloride ion penetration, and durability of alkali-activated coal gangue
mortars. However, few investigations have focused on the mechanical properties, failure
modes, ratio of splitting tensile strength to compressive strength, conversion formula
between elastic modulus, and compressive strength of alkali-activated coal gangue concrete
(AACGC). Although many researchers have shown that the drying shrinkage of alkali-
activated materials is higher than that of cement-based materials [23–25], the research on
the drying shrinkage behavior and prediction model of the AACGC is still insufficient.

In this paper, the composite-activated coal gangue (CACG) was employed as a primary
cementitious material to fabricate the AACGC. Three concrete strength grades (C30, C40,
and C50) were designed to systematically investigate the workability, mechanical properties,
and drying shrinkage of AACGC at various curing ages. The differences in the slump
and slump flow, compressive strength, splitting tensile strength, elastic modulus, axial
compressive strength, and failure modes of the AACGC and ordinary Portland cement
concrete (OPCC) were compared and analyzed. Moreover, the empirical formulas of the
elastic modulus and compressive strength for the OPCC in various regions codes were
summarized and applied to the AACGC. Finally, the effects of concrete strength grade on
drying shrinkage of the AACGC were systematically analyzed, and a hyperbolic prediction
model was proposed to reflect the drying shrinkage behavior of the AACGC.

2. Experimental Section
2.1. Raw Materials

The raw coal gangue samples were mined from the Ordos area of the Inner Mongolia
Ordos region of China. In addition, the S95 grade granulated blast furnace slag was used as
a supplementary cementitious material, the specific surface area and density of which were
450 m2/kg and 2.9 g/cm3, respectively. Ordinary Portland cement (OPC) was selected as
the control group. The primary chemical compositions of raw coal gangue, blast furnace
slag, and OPC were investigated by X-Ray fluorescence (XRF), and the results are shown in



Sustainability 2022, 14, 14736 3 of 18

Table 1. Compared with the chemical compositions of S95 grade granulated blast furnace
slag and OPC, the coal gangue exhibited a lower CaO content and a higher SiO2 and Al2O3
content, which resulted in differences in the hydration products.

Table 1. Primary chemical compositions of raw coal gangue, blast furnace slag, and cement (%).

Components SiO2 Al2O3 Fe2O3 SO3 CaO MgO K2O Na2O Others LOI

Coal gangue 55.14 40.96 1.23 0.43 0.41 0.30 0.20 0.09 1.24 15.33
Blast furnace

slag 36.10 16.32 - - 35.58 11.32 - - 0.68 2.30

OPC 21.08 7.10 3.45 3.85 60.20 2.11 1.16 0.214 0.84 2.1%

The test sand and gravel were taken from Nanjing, China. The fineness modulus,
apparent density, and bulk density of sand were 2.62, 2585 kg/m3, and 1627 kg/m3,
respectively. The apparent density and bulk density of gravel were 2700 kg/m3 and
1430 kg/m3, respectively. In addition, the detailed gradation curves of sand and gravel by
the screening test are shown in Figure 1.

Figure 1. Gradation curve of sand (a) and gravel (b).

Previous studies have shown that sodium silicate can effectively activate the cementi-
tious material activity of coal gangue [25,26]. Therefore, sodium silicate with a modulus of
1.2 was obtained by adding sodium hydroxide, and was employed in this research. The
initial modulus of sodium silicate was 2.85, and the purity of sodium hydroxide was 99.8%.

2.2. Composite-Activated Coal Gangue

As can be seen from Table 1, the main chemical components of coal gangue are silica
(SiO2) and alumina (Al2O3), accounting for 96.10% of the total, which is highly similar to fly
ash. However, the activity of coal gangue is low because of its overly stable crystal structure,
high organic carbon, and fewer hydraulic materials [15]. Therefore, a composite activation
strategy from the literature was employed to enhance the reactivity of coal gangue [20].
The results showed that the pozzolanic activity of coal gangue was at its highest when the
temperature was 700 ◦C and the calcination time was 2 h. The procedures of the composite
activation for coal gangue are shown in Figure 2. Firstly, the raw samples were crushed by a
jaw crusher until the maximum particle sizes were smaller than 4.75 mm. Then, the coarse
crushed particles were placed into a ball mill for grinding until milled powder passed
through a 0.075 mm sieve, at which time the residue was less than 8%. Finally, the coal
gangue powder was calcined at 700 ◦C in a muffle furnace for 2 h.
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Figure 3. Particle size distributions of the CACG, OPC, and blast furnace slag. 

Figure 2. The composite activation procedure.

The particle size distributions of the CACG, OPC, and slag were measured by a laser
particle size analyzer, the particle size distribution and parameters of which are given in
Figure 3 and Table 2, respectively. The span, uniformity, D10, and D50 of the CACG were
more extensive than those of OPC and slag. The specific surface area of the CACG was
smaller than that of the OPC and slag. These phenomena were attributed to the smaller
average particle size of the OPC and slag. In addition, the XRD spectra of raw coal gangue
and CACG are presented in Figure 4. It can be seen that coal gangue was mainly composed
of kaolinite, quartz, muscovite, illite, and chlorite. The diffraction peaks of kaolinite almost
disappeared after calcination at 700 ◦C for two hours. This phenomenon was attributed to
the decomposition of kaolinite with a stable structure into amorphous silica and alumina in
the thermal activation stage.
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Figure 3. Particle size distributions of the CACG, OPC, and blast furnace slag. Figure 3. Particle size distributions of the CACG, OPC, and blast furnace slag.

Table 2. Parameters of the particle size distribution for the CACG, OPC, and blast furnace slag.

Parameters Span Uniformity Specific Surface Area (m2/g) D10 (µm) D50 (µm)

OPC 2.668 0.836 1.34 1.995 12.589
CACG 3.526 1.12 1.170 2.040 14.298

slag 2.436 0.765 1.27 1.562 11.376
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2.3. Mix Proportions

With reference to the JGJ 55-2011 standard [27], four groups were designed to inves-
tigate the workability, mechanical properties, and frost resistance of the AACGC with
different concrete strength grades. Detailed mix proportions are listed in Table 3, where
C30 indicated that the cementitious material was the OPC, and the concrete strength grade
was C30; CS30 indicated that the cementitious material was the CACG and slag, and the
concrete strength grade was C30.

Table 3. Mix proportions.

NO. CACG/kg Slag/kg Cement/kg Na2SiO3/kg NaOH/kg Water/kg Sand/kg Gravel/kg

C30 - - 306 - - 184 745 1165
CS30 214.2 91.8 - 71.6 27.4 184 745 1165
CS40 263.2 112.8 - 87.9 33.7 184 662 1177
CS50 312.2 133.8 - 104.3 40.0 184 584 1185

2.4. Mixing Procedures

The detailed mixing procedures used for the AACGC are summarized as follows.
Firstly, the sand and gravel were dry-mixed for 2 min in a concrete mixer. Subsequently,
the binders (CACG and slag) were poured into the concrete mixer and mixed for another
2 min in order to achieve homogeneity of the mixtures. Finally, the prepared alkali activator
solution was added to the mixtures and stirred for another 3 min. The slump and expansion
of the AACGC were measured by a slump bucket, and then the AACGC was poured into
different sizes of molds. After 24 h, the molds were removed and placed in a constant
temperature and humidity curing tank (the temperature is 20 ± 2 ◦C, and the relative
humidity is 95 ± 1%) for curing to the set age.

2.5. Testing Methods
2.5.1. Slump and Slump Flow Tests

The slump and expansion test method of the Chinese code (GB/T 50164-2011) [28]
was employed to determine the slump and slump flow of the AACGC. The fresh concrete
was poured into the slump bucket 3 times, and a tamper bar was used to hammer evenly
25 times from the outside to the inside along the barrel wall. After pouring, the excess
concrete was removed, and the slump bucket was pulled up within 5–10 s. Finally, the
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difference between the height of the slump bucket and the highest point of the concrete
after the collapse was measured, and this value was called the slump of concrete. The
width of concrete in two directions perpendicular to each other was measured, and the
average value was the called slump flow of concrete.

2.5.2. Compressive and Splitting Tests

Eighteen specimens with dimensions of 100 mm × 100 mm × 100 mm for each group
were prepared in accordance with the Chinese code (GB/T 50081-2019) [29], among which
nine specimens were for compressive strength at different curing times (3 d, 7 d, and 28 d),
and the other nine specimens were for splitting tensile strength at different curing times
(3 d, 7 d, and 28 d). A WAW-300 compression testing machine was employed to investigate
the compressive strength and splitting tensile strength of the AACGC, and the loading rate
was 0.5 MPa/s and 0.05 MPa/s, respectively.

2.5.3. Elastic Modulus and Axial Compressive Tests

Six specimens with dimensions of 100 mm × 100 mm × 300 mm for each group
were prepared in accordance with the Chinese code (GB/T 50081-2019), among which
three specimens were for elastic modulus, and the other three specimens were for axial
compressive strength. The loading diagram of the elastic modulus and axial compressive
tests is given in Figure 5, and the loading rate was 0.5 MPa/s. Figure 6 displays the
detailed loading process of the elastic modulus, where the first loading cycles were for
centering and preload. The calculation formula of the elastic modulus can be expressed as
in Equations (1) and (2).

Ec =
Fa − F0

A
× L

∆n
(1)

∆n = εa − ε0 (2)

where Ec is the elastic modulus of specimens (GPa); Fa is the load value corresponding
to one-third of the axial compressive strength (kN); F0 is the load value corresponding
to the stress reaching 0.5 MPa (kN); A was the compression area of specimens; L was
the measurement range (mm), where L = 100 mm; ∆n was the mean value of two sides
deformation of specimens when loading from Fa to F0 (mm); εa was the mean value of two-
sided deformation of specimens at Fa (mm); ε0 is the mean value of two-sided deformation
of specimens at F0 (mm).
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2.5.4. Drying Shrinkage Test

In order to investigate the drying shrinkage of the AACGC, three specimens with
dimensions of 100 mm × 100 mm × 515 mm for each group were prepared in accordance
with the Chinese code (GB/T 50082-2009) [30]. The molds of all specimens were removed
after 24 h, and were cured in a tank with a constant temperature (20 ± 2 ◦C) and humidity
(60± 5%). The mass (mt) and length (Lt) of the AACGC and OPCC were recorded at 1 d, 2 d,
3 d, 4 d, 5 d, 6 d, 7 d, 14 d, 21 d, 28 d, 45 d, 60 d, 90 d, 120 d, 150 d, 180 d, and 360 d. The mass
(mt) and length (Lt) results for each specimen were determined by repeated measurements
three times to reduce measurement-induced errors. The mass-loss ratio ( ) and drying
shrinkage ( ) of all specimens were calculated using Equations (3) and (4), respectively.

4m =
m0 −mt

m0
× 100% (3)

εst =
L0 − Lt

Lb
(4)

where m0 is the initial mass of specimens; mt is the mass at the t-th day of specimens; L0 is
the initial length of specimens (=515 mm); Lt is the length at the t-th day of specimens.

3. Results and Discussion
3.1. Slump and Slump Flow

As can be seen from Figure 7, the slump and slump flow of the AACGC were smaller
than those of the OPCC. The main reason was that the water imbibition of pozzolan
cementitious materials (coal gangue and slag) was higher than that of ordinary Portland
cement [21]. The CACG and slag absorbed a part of the water during the mixing process,
which led to a decrease in the liquidity of the AACGC. In addition, the early hydration
reaction of alkali-activated cementitious materials is faster and generates more geopolymers,
resulting in a more viscous gel [31]. With the concrete strength grades of the AACGC having
increased from C30 to C50, the slump and slump flow of the AACGC decreased by 33.33%
and 30.26%, respectively. This was because the water-to-binder ratio gradually decreased
with the increase in concrete strength grade, which led to a decrease in the liquidity of
the AACGC.
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3.2. Mechanical Properties
3.2.1. Compressive Strength

The compressive strength, relative compressive strength, specific strength, and failure
model of specimens at different curing times are shown in Figure 8, in which the specific
strength is the ratio of compressive strength to mass (MPa/kg).
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Figure 8 demonstrates that the 28 d compressive strength of the CS30 group was
1.17 times that of the C30 group, indicating that the compressive strength of the AACGC
was superior to that of the OPCC. This phenomenon was attributed to the fact that the
main hydration products of the AACGC were N-A-S-H gel and C-A-S-H gel, which were
filled with each other in order to form a more compact structure [32,33]. As the concrete
strength grade increased, the compressive strength and specific strength of specimens
gradually increased. When the concrete strength grade increased from CS30 to CS50, the
compressive strength and the specific strength of the CGBG concrete increased by 41.16%
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and 37.67%, respectively. In addition, the failure mode of the AACGC was cone failure,
which is consistent with that of OPCC.

Compared with the OPCC, the compressive strength of the AACGC increased rapidly
in the first 7 d and then developed slowly after 7 d. The 3 d compressive strength of the
AACGC was stable in a range of 0.81~0.83 times the 28 d compressive strength, and the
7 d compressive strength of the AACGC was stable in a range of 0.90~0.93 times the 28 d
compressive strength. However, the 3 d compressive strength of the OPCC was 0.60 times
the 28 d compressive strength, and the 7 d compressive strength of the OPCC was 0.76 times
the 28 d compressive strength. This phenomenon can be attributed to the rapid hydration
of the AACGC in the early stage.

3.2.2. Splitting Tensile Strength

The splitting tensile strength, relative splitting tensile strength, and specific strength
of specimens at different curing ages are shown in Figure 9, where the specific strength is
the ratio of splitting tensile strength to mass (MPa/kg).
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As displayed in Figure 9, the splitting tensile strength and specific strength of the
AACGC were positively correlated with the concrete strength grade. When the concrete
strength grades were changed from CS30 to CS50, the splitting tensile strength and specific
strength of the AACGC increased by 38.74% and 50.05%. With the increase in concrete
strength grade, the content of cementitious material and alkali activator solution increased,
thus producing more hydration products with higher polymerization and density and
leading to the increase in splitting tensile strength. Additionally, the 28 d splitting tensile
strength and specific strength of the CS30 group were 1.27 times and 1.18 times that of the
C30 group, indicating that the splitting tensile strength and specific strength of the AACGC
were superior to those of the OPCC. The polymerization reactions of AACGC produce
higher proportions of intersected N-A-S-H and C-A-S-H gels, and fewer proportions of
orientated calcium hydroxide (CH) and needle ettringite (AFt) [32]. Therefore, the AACGC
exhibited a more refined microstructure and superior mechanical properties than OPCC,
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with the same water-to-binder ratio. It should be mentioned that the splitting tensile
strength of the AACGC developed rapidly in the first 7 d, and then improved tardily
after 7 d as the curing time continued. The 3 d splitting tensile strength of the AACGC
was 78.38~81.17% of the 28 d splitting tensile strength, while the 3 d splitting tensile
strength of the OPCC was 53.40% of the 28 d splitting tensile strength. Meanwhile, the 7
d splitting tensile strength of the AACGC was 88.29~91.50% of the 28 d splitting tensile
strength, while the 7 d splitting tensile strength of the OPCC was 74.81% of the 28 d splitting
tensile strength.

Figure 10 displays that the failure mode of the AACGC is consistent with that of OPCC.
As the load value increased, cracks appeared first in the middle of the specimens, then
expanded to the top and bottom to penetrate. In addition, the fracture surface was mainly
the intersection of coarse aggregate and mortar. This was because the intersection of coarse
aggregate and mortar was the weak zone inside the specimen.
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3.2.3. Ratio of Splitting Tensile strength to Compressive Strength (fts/fc)

The ratio of the splitting tensile strength to the compressive strength (f ts/f c) for OPCC
and AACGC is summarized in Figure 11. It can be seen that the average f ts/f c of the
AACGC is 7.49% higher than the average f ts/f c of the OPCC, which indicates that the f ts of
the AACGC is superior to the f ts of the OPCC. In order to further analyze the relationship
between the f ts and the f c of AACGC, the previous experimental data reported in the
existing literature [34–37] were applied, as plotted in Figure 12. The f ts and the f c of
alkali-activated cementitious material concrete and the OPCC exhibit an excellent linear
relationship. In addition, the AACGC exhibited a higher f ts under the same f c than that
of the OPCC, which can be attributed to the improvement of the interface between the
aggregates and the pastes. The denser hydration products of alkali-activated cementitious
materials penetrated the pores of aggregates, which increased the mechanical interlocking
at the aggregate–paste interface and improved the interfacial microstructures, thereby
effectively enhancing the splitting tensile strength of the AACGC [34].
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3.2.4. Elastic Modulus

The empirical formulas of the elastic modulus and compressive strength for the OPCC
in various regions codes were summarized in Table 4. These were employed to obtain the
predicted value (Epre) of the elastic modulus of the AACGC and OPCC, in which Ec is the
elastic modulus of specimens (GPa), and f cu,k is the 28 d compressive strength of OPCC
and AACGC (MPa). In addition, the experimental values (Ee) of the elastic modulus of
specimens were calculated using Equations (1) and (2), as shown in Figure 13.

Table 4. Empirical formulas of the elastic modulus for the OPCC.

Code Formula Reference

GB 50010-2002 Ec =
105

2.2+ 34.7
fcu,k

[37]

ACI 318 Ec = 4730
√

fck [38]
EN 1992 Eurocode 2 Ec = 9500( fck + 8)1/3 [39]

BS 8110:1997 Ec = (20 + 0.2 fcu,k)× 103 [40]
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As can be seen from Figure 13, the elastic modulus of the AACGC and the concrete
strength grade exhibited a positive correlation. When the concrete strength grade of the
AACGC increased from CS30 to CS50, the elastic modulus increased from 31.11 GPa to
33.80 GPa, with an increase of 8.68%. Compared with the C30 group, the Ee and Et of the
elastic modulus of the CS30 group increased by 4.36% and 4.94%, respectively. Furthermore,
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the values of the elastic modulus for AACGC and OPCC which were predicted by the
empirical formula in GB 50010-2002 code and En 1922 Eurocode 2 were in good agreement
with the experimental values, and the errors were within 3.50% and 3.67%, respectively.
However, the predicted value of the elastic modulus obtained by the empirical formula
in ACI 318 code and BS 8110:1997 code had large errors, with discrepancies of 24.71%
and 21.70% with the test value, respectively. Therefore, the empirical formula of the
elastic modulus in GB 50010-2002 code and En 1922 Eurocode 2 were also applicable to
the AACGC.

3.2.5. Axial Compressive Strength

Figure 14a displayed that the axial compressive strength of the AACGC was higher
than that of the OPCC. The 3 d, 7 d, and 28 d axial compressive strengths of the CS30
group were 2.01 times, 1.76 times, and 1.47 times those of the C30 group. This was because
the intensive hydration products of alkali-activated coal gangue cementitious materials
infiltrated and filled the surface pores of sand and gravel, which strengthened the inter-
facial transition zone (ITZ) between the aggregates and paste matrix, thereby alleviating
the propagation of cracks during the loading procedure and enhancing the mechanical
interaction between the paste and the aggregates [25]. Moreover, the axial compressive
strength of the AACGC gradually increased as the concrete strength grade increased. When
the concrete strength grades increased from CS30 to CS50, the axial compressive strength
of the AACGC increased by 64.42%. The growth mechanism was similar to alkali-activated
cementitious materials [21,41]. Figure 14b indicated that compared with the OPC concrete,
the axial compressive strength of the AACGC developed rapidly in the first 7 d and then
improved tardily after 7 d as the curing time continued. The 3 d axial compressive strength
of the AACGC was 78.11~81.00% of the 28 d axial compressive strength, while the 3 d
axial compressive strength of the OPCC was 55.00% of the 28 d axial compressive strength.
Meanwhile, the 7 d axial compressive strength of the AACGC was 91.28~92.56% of the
28 d axial compressive strength, while the 7 d axial compressive strength of the OPCC was
75.01% of the 28 d axial compressive strength.
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Figure 14. Comparisons of the (a) axial compressive strength and (b) relative axial compressive
strength of the AACGC and OPCC.

As depicted in Figure 15, the failure mode for the OPCC and AACGC were similar,
but some subtle differences also existed. The primary cracks of the OPCC and AACGC
both extended along the diagonal, but the inclination angle between the cracks and the axis
for the OPCC was about 25–35◦, while the inclination angle between the cracks and the
axis for the AACGC was about 20–30◦. In addition, more cracks appeared in the AACGC,
demonstrating that the interfacial transition zone (ITZ) between the Alkali-activated coal
gangue cementitious material and the coral aggregates was improved [25]. During the axial
compression test of the AACGC, there was a clear sound of concrete cracking, and the edge
concrete kept falling off.
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3.3. Drying Shrinkage
3.3.1. Mass-Loss Rate

Previous studies found that the drying shrinkage of alkali-activated cementitious
materials was mainly caused by the evaporation of internal water [23]. Compared with
cement-based materials, there is a large amount of free water in the alkali-activated cemen-
titious material system. Therefore, the free water will rapidly evaporate when it is placed in
a dry environment after hardening, leading to significant drying shrinkage. The mass-loss
rates of the AACGC at different concrete strength grades were plotted in Figure 16, in
which the OPCC was used as the control group.
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Figure 16 indicates that the mass-loss rate of the AACGC and OPCC increases gradu-
ally with the increase in curing ages. It should be noticed that the mass-loss rate increased
rapidly in the first 30 days, and then developed slowly. In the early stage of curing, the
internal hydration reaction of specimens is fast, and the hydration heat is high, which leads
to the rapid evaporation of free water and loss of mass. Moreover, the mass-loss rate of the
AACGC exhibited a negative correlation with the concrete strength grade. The mass-loss
rate of the CS30 group was 1.21 times and 1.30 times that of the CS40 and CS50 groups,
respectively. As the concrete grade increases, the water-to-binder ratio and the free water
content of the AACGC decreases gradually, leading to the reduction in the mass-loss rate.
Compared with the OPCC, the mass-loss rate of the AACGC was higher. The mass-loss
rate of the AACGC at 28 days, 60 days, 120 days, and 360 days was 1.29 times, 1.17 times,
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1.14 times, and 1.15 times that of the OPCC. The main reason is that there is a large amount
of free water in the alkali-activated cementitious material system.

3.3.2. Drying Shrinkage

As displayed in Figure 17, the drying shrinkage of each group gradually increased
with the increase in curing age. It was worth noting that the trend of drying shrinkage and
mass-loss rate with curing age was similar; it increased rapidly in the first 30 days and then
developed slowly. This phenomenon can be attributed to the more rapid polymerization
reaction that promotes the formation of gel and capillary pores, herein leading to higher
porosity in the paste. Additionally, the stronger self-densification effects and connected
capillary pores lead to higher capillary pressure due to migration procedures. Therefore,
the dimensional stability of AACGC was inferior to the conventional normal-strength
concrete, namely a higher drying shrinkage [24,42]. In addition, the drying shrinkage
of the AACGC decreased gradually with the increase in concrete strength grade. After
360 days of curing, the drying shrinkage of the CS30 group was 1.16 times and 1.24 times
that of the CS40 and CS50 groups, respectively. As concrete strength grade increases, the
water-to-binder ratio and internal free water content of the AACGC gradually decrease, so
the dry shrinkage deformation caused by evaporation of free water gradually decreases.
Compared with the OPCC, the drying shrinkage of the AACGC increased by 97.87%
after 360 days. This high-magnitude shrinkage of AACGC over OPCC can be attributed
to the differences in the pore structure and hydration products of the pastes. The high
drying shrinkage and a large number of micro-cracks caused by drying shrinkage were
important factors limiting the wide application of the AACGC. Thereby, several methods
for reducing drying shrinkage were recommended to be applied in the preparation of
the AACGC, such as shrinkage-reducing admixture, fibers, expansive admixture, and
water-retaining admixture.
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Figure 17. Drying shrinkage of the AACGC and OPCC.

3.3.3. Prediction Model of Drying Shrinkage

Extensive investigation demonstrates that the drying shrinkage of alkali-activated
cementitious materials is greater than that of conventional Portland-based materials [22,41].
To date, global scholars have proposed various half-empirical prediction models to de-
scribe the drying shrinkage of the OPCC under different conditions [43–46]. Nevertheless,
there is no applicable model that can accurately reflect the drying shrinkage behaviors
of the AACGC. Referring to the drying shrinkage prediction models proposed by Li
et al. [47], a hyperbolic prediction model was employed in the presented study, as shown
in Equation (5).
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εst = ε∞
t

t + Ns
(5)

where εst is the drying shrinkage of specimens; ε∞ is the ultimate drying shrinkage of
specimens; t is the curing age; a and b are the experiment constants; and Ns is the time to
reach half of the ultimate drying shrinkage. The compression of the prediction results and
test results of drying shrinkage for various types of concrete is displayed in Figure 18, and
the difference between the prediction values (DP) and test values (DT) of drying shrinkage
for various types of concrete at 360 days is listed in Table 5.
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Figure 18. Comparisons of the prediction results and test results of drying shrinkage: (a) C30;
(b) CS30; (c) CS40; (d) CS50.

Table 5. Difference between the DP and DT of drying shrinkage at 360 days.

NO. DT (µε) DP (µε) DT/DP

C30 1078.00 1040.43 1.04
CS30 2133.00 2058.66 1.04
CS40 1845.00 1780.70 1.04
CS50 1723.00 1662.95 1.04

Figure 18 and Table 5 depict that the drying shrinkage of the AACGC predicted by
Equation (5) is in good agreement with the test results, with a correlation coefficient near
0.95. In addition, the difference between the prediction values (DP) and test values (DT)
of drying shrinkage for various concrete at 360 days was small, below 3.61%. Therefore,
Equation (5) is applicable for prediction of the drying shrinkage behavior of the AACGC,
with high accuracy.
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4. Conclusions

This paper investigates the feasibility of using the CACG as the primary cementitious
material to prepare the AACGC. The effects of concrete strength grade on flowability, me-
chanical properties, failure mode, and drying shrinkage of the AACGC were systematically
analyzed. Several crucial conclusions could be drawn:

(1) The AACGC prepared with CACG as the primary cementitious material exhibited
better mechanical properties than that of the OPCC. The compressive strength, split-
ting tensile strength, axial compressive strength, and elastic modulus of the AACGC
were 1.17 times, 1.04 times, 1.47 times, and 1.04 times those of the OPCC, respectively.
Moreover, the failure mode of axial compressive for the OPCC and AACGC were
similar, but some subtle differences also existed.

(2) With the increase in concrete strength grade, the mechanical properties of the AACGC
gradually increased. When the concrete strength grade increased from CS30 to CS50, the
compressive strength, splitting tensile strength, elastic modulus, and axial compressive
strength of the AACGC increased by 41.16%, 38.74%, 8.68%, and 64.62%, respectively.

(3) The empirical formulas of the elastic modulus and compressive strength for the
OPCC in various regions codes were summarized, and the empirical formulas in GB
50010-2002 code and EN 1922 Eurocode 2 were also applicable to the AACGC.

(4) Compared with the OPCC, the AACGC has a higher mass-loss rate and drying
shrinkage, which can be attributed to its rapid hydration reaction rate and high free
water content. Thereby, the reduction measures were recommended to be applied in
the preparation of the AACGC. The mass-loss rate and drying shrinkage gradually
decrease with the increase in concrete strength grade. Additionally, the hyperbolic
prediction model can accurately predict the drying shrinkage of the AACGC.
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