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Abstract: The suitability of applying shrinkage reducing additives in alkali activated coal gangue-slag
composites is discussed in this study. The effect of sulphoaluminate cement (SAC), high performance
concrete expansion agent (HCSA) and U-type expansion agent (UEA) on the reaction process,
shrinkage behavior, phase composition, microstructure and mechanical properties are evaluated. The
results show that the addition of SAC slightly mitigates the early stage reaction process, while HCSA
and UEA can either accelerate or inhibit the reaction depending on their dosage. The addition of
SAC presents an ideal balance between drying shrinkage reduction and strength increment. As for
HCSA and UEA, the shrinkage and mechanical properties are sensitive to their replacement level;
excessive dosage would result in remarkable strength reduction and expansion. The specific surface
area and average pore size of the hardened matrix are found to be closely related with shrinkage
behavior. SAC addition introduces additional hydrotalcite phases within the reaction products, while
HCSA and UEA mainly result in the formation of CaCO3 and Ca(OH)2. It is concluded that applying
expansive additives can be an effective approach in reducing the drying shrinkage of alkali activated
coal gangue-slag mixtures, while their type and dosage must be carefully handled.

Keywords: alkali activation; coal gangue-slag blends; drying shrinkage; microstructure; compres-
sive strength

1. Introduction

Coal is one of the most abundant applicable energy resources for modern society on
earth. As the major by-product of coal mining industry, coal gangue has become one of
the largest industrial solid wastes in China [1,2]. The undisposed coal gangue in mainland
China is around 7 billion tons, along with an annual discharge of 280 million tons [3]. The
un-managed coal gangue usually has evident negative impacts on the environment and
human health, such as land occupation, leaching of hazardous elements and emission of
pollutant gases like COx, SOx and NOx [4–6].

Reusing coal gangue as construction and building material has been widely studied
in the past decades. It has been successfully applied in the production of lightweight aggre-
gate, brick and as filling material for pavement and mining applications [7–9]. Coal gangue
also presents the potential to be reused as a reactive material for high-end applications,
namely as a supplementary cementitious material to partially replace cement. The major
mineral component of coal gangue is kaolinite, which consists of a large fraction of SiO2
and Al2O3. When kaolinite is heated up to around 550–750 ◦C, metakaolin is formed with
amorphous SiO2 and Al2O3 phases, exhibiting pozzolanic reactivity [10,11]. However, one
intrinsic drawback of using coal gangue in producing blended cement is its relatively low
reactivity and its strength reduction, which limits its replacement level lower than 20% in

Crystals 2021, 11, 816. https://doi.org/10.3390/cryst11070816 https://www.mdpi.com/journal/crystals

https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-8931-1865
https://doi.org/10.3390/cryst11070816
https://doi.org/10.3390/cryst11070816
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cryst11070816
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst11070816?type=check_update&version=2


Crystals 2021, 11, 816 2 of 11

most cases [12]. Therefore, it is of great significance to develop approaches regarding the
effective reuse of coal gangue with excellent properties.

On the other hand, growing interests have been paid to the utilization of alkali ac-
tivated materials (AAMs), because of their obviously lower environmental impacts and
excellent performances compared to Portland cement [13]. Theoretically, this material can
be produced by using any solid precursors that contain reactive calcium, silicate and alumi-
nate, forming C-A-S-H and N-A-S-H type gels that are similar to the hydration products of
Portland cement [14–18]. This technology allows the possibility of producing a construction
material with coal gangue content up to 100%, with desired mechanical properties.

However, it was frequently reported that the alkali activated materials either with or
without coal gangue exhibit higher shrinkage than OPC [19–23]. Ma [24] investigated the
drying shrinkage of alkali activated coal gangue-slag mixture, and an optimal shrinkage
was observed in the mixture with a slag content of 50% and an activator modulus of 1.5. The
study of Collins showed that the drying shrinkage of alkali activated slag was three times
higher than that of ordinary Portland cement [25]; it was suggested that the pores with
diameter below 25 nm were responsible for the shrinkage of alkali activated materials [26].
Methods to reduce the shrinkage behavior have also been discussed, the incorporation of
6% gypsum by weight of the binder was reported to be effective in reducing the drying
shrinkage of alkali activated slag, which is due to the appearance of ettringite [27]. Provis
found that calcite can effectively reduce the drying shrinkage of low calcium based alkali
activated materials, because a small amount of calcite dissolution is enough to release
enough Ca2+, it has a significant effect on metakaolin based alkali activated materials [28].
The addition of MgO possesses an obvious effect on reducing the shrinkage of alkali
activated high calcium binders, due to the reduced amount of reacted C-A-S-H gels and
increased formation of crystalline hydrotalcite phase [29–31]. The addition of nano-TiO2 in
alkali activated materials was also found to reduce the drying shrinkage [32]. Gypsum was
found to be beneficial to reduce the drying shrinkage of high calcium fly ash based alkali
activated materials, due to the formation of ettringite [33].

Although several shrinkage reducing strategies were suggested from previous studies,
and expansive agents have shown the potential to mitigate the shrinkage of alkali activated
material, it is still necessary to evaluate the suitability and influencing mechanisms of ex-
pansive additives on coal gangue based alkali activated materials. In this study, three types
of commonly applied expansive agents in cementitious materials, namely sulphoaluminate
cement (SAC), high performance concrete expansion agent (HCSA) and U-type expansion
agent (UEA), are used as the potential mineral shrinkage reducer for alkali activated coal
gangue-slag composites. Their effects on drying shrinkage, compressive strength, phase
assemblage, and micro structure are identified, and their potential shrinkage reducing
mechanisms are discussed.

2. Experimental
2.1. Raw Materials

The coal gangue (CG) was obtained from Anhui province, China, and it was calcined
at 700 ◦C for 2 h prior to use. Grade S95 granulated blast furnace slag (GBFS) was used as
the high calcium binder. A mixture of sodium hydroxide powder and industrial water glass
(28.5% SiO2, 10% Na2O, 61.5% H2O) were used as the alkali activator. Sulphoaluminate
cement (SAC), high performance concrete expansion agent (HCSA) and U-type concrete
expansion agent (UEA) were used as expansive additives. In addition, CEN standard sand
was used as fine aggregates. The chemical compositions of applied powder materials are
listed in Table 1.

2.2. Mixture Proportions

The mixture proportions used in this study are listed in Table 2. Fixed equivalent
Na2O content of 8% (by weight of the binder), activator modulus of 1.6, and water to
binder ratio of 0.4 were used for all mixtures. The reference sample, labeled as “AACGS”,
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was designed to have a calcined coal gangue to slag ratio of 40/60 based on previous
experiences of the authors, which would exhibit acceptable general properties regarding
fluidity, setting time and mechanical properties. Expansive additives of SAC, HCSA and
UEA were incorporated individually in the binding system to evaluate their potential
effects on micro and macro properties, and three levels of additive replacements were
applied, namely 3%, 5% and 7% by weight of the binder.

Table 1. Chemical composition of raw materials and additives (wt.%).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 SrO L.O.I

C G 53.11 26.43 2.88 0.77 0.44 0.52 0.34 0.34 0.79 0 13.14
GBFS 32.4 15.1 0.46 41.23 6.61 2.18 0.48 0.27 0.84 0 0.22
SAC 6.19 19.35 7.72 43.31 1.24 14.58 0.14 0.12 1.11 0.20 6.04

HCSA 2.89 3.40 0.76 68.89 2.11 18.76 0.26 0.05 0.15 0.26 2.47
UEA 5.33 2.35 0.74 71.59 4.18 10.38 0.31 0.05 0.14 0.13 4.80

(L.O.I refers to loss on ignition).

Table 2. Mix proportions (wt.%).

Sample ID CG GFBS SAC HCSA UEA Na2O Activator Modulus W/B Ratio B/S Ratio

AACGS 40 60 \ \ \

8 1.6 0.4 0.5

AACGS-3SAC 38.5 58.5 3 \ \
AACGS-5SAC 37.5 57.5 5 \ \
AACGS-7SAC 36.5 56.5 7 \ \

AACGS-3HCSA 38.5 58.5 \ 3 \
AACGS-5HCSA 37.5 57.5 \ 5 \
AACGS-7HCSA 36.5 56.5 \ 7 \
AACGS-3UEA 38.5 58.5 \ \ 3
AACGS-5UEA 37.5 57.5 \ \ 5
AACGS-7UEA 36.5 56.5 \ \ 7

2.3. Testing Methods

The compressive strengths were tested in accordance with China standard GB/T 17671-
1999. The reported result was the average value of three tests for each sample. Drying
shrinkage was evaluated according to the China standard GB/T 29417-2012. Samples
with the size of 25 × 25 × 280 mm were prepared, and cured in the curing room with RH
(relative humidity) of 60 ± 5% and temperature of 20 ± 2 ◦C after demolded. The reaction
heat release was measured by using a SETARAM AIR C80 with isothermal calorimeter
at 25 ◦C. Thermogravimetry (TG) analysis was conducted by using a NETZSCH STA
449 C thermogravimetric analyzer. The temperature was increased from 40 to 1000 ◦C,
and the heating rate was 10 ◦C/min in nitrogen atmosphere. X-ray diffraction (XRD) was
performed by using a Sharp Shadow diffractometer, with scanning range of 5 to 70◦ (2θ◦),
a resolution of 0.02◦/step and a scanning speed of 2◦/min. The BET measurement was
conducted by applying a micromeritic Tristar II 3020 multichannel specific surface area
and aperture analyzer with pore size range from 2.0 to 300 nm.

3. Results and Discussion
3.1. Reaction Heat Release

Figure 1 shows the effects of SAC, HCSA and UEA on reaction heat flow of alkali
activated coal gangue-slag composites during the first 72 h. Two typical heat release peaks
can be observed; one, which occurs within the first few minutes, refers to the initial wetting
and dissolution of slag and coal gangue particles in contact with water, while the second
peak represents the formation of reacted gels and crystalline phases, generally including
C-(A)-S-H, N-(A)-S-H and hydrotalcite [34,35]. During the stage of initial wetting, mixtures
with an additive dosage of 7% exhibits a relatively lower heat release peak, and the addition
of 3% expansive agent presents limited effect on this characteristic peak, except the one with
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3% HCSA. It should be noted that the induction period in alkali activated materials is much
shorter than that in Portland cement systems. During the acceleration stage, the addition of
SAC results in a reduced peak intensity with a delayed peak value. This can be attributed
to the relatively high Al2O3 content in SAC, which as well presents a higher reactivity than
the Al2O3 in calcined coal gangue, resulting in a delayed dissolution of aluminates from
calcined coal gangue [36]. In mixtures with HCSA and UEA addition, similar influences
on the reaction process can be observed: with a relatively low replacement of 3%, both
HCSA and UEA promote the reaction process with increased peak intensity and earlier
exothermic peak location, the effect of HCSA is more significant than UEA on this issue;
while when a higher replacing level of 7% is applied, a delayed reaction process results. It
is suggested that the acceleration effect of HCSA and UEA is assigned to their relatively
high MgO content (as shown in Table 1), and the inhibited reaction process at high dosage
is related to the rapidly dissolved calcium ions from additives at the early stage, which
inhibits the dissolution of original slag to some extent [37].

Figure 1. Influence of mineral admixture on reaction heat release.

3.2. Drying Shrinkage

The drying shrinkage of all mixtures up to 28 days is presented in Figure 2. The
reference sample without any expansive additive shows a gradual increased shrinkage
up to 9.311 × 10−4 at day 28. It can be seen from Figure 2a that the incorporation of
sulphoaluminate cement (SAC) exhibits a positive effect on reducing the drying shrink-
age of alkali activated coal gangue-slag composite. When 3% SAC is added, the drying
shrinkage is reduced by around 10% at day 28 compared to the reference sample, the
increment of SAC content up to 5% results in a more obvious reduction of drying shrink-
age by 27.3%, but a higher dosage of 7% SAC does not result in further reduced drying
shrinkage, with a reduction rate of about 20.1%. A more significant effect on reducing
the drying shrinkage can be observed in samples with an HCSA addition, as shown in
Figure 2b. As the HCSA content increases from 3% to 5%, the 28 day dry shrinkage is
4.476 × 10−4 and 3.476 × 10−4, respectively, which is 51.9% and 62.8%, respectively, lower
than the reference mix. When the HCSA dosage increases to 7%, the shrinkage value
gradually decreases after 1 d of curing, and the shrinkage rate becomes negative after
around 14 days, indicating that this dosage would result in a mixture with slight expansion.
The effect of UEA on drying shrinkage is depicted in Figure 2c; incorporating 3% UEA led
to a shrinkage reduction of 38.4%, which is slightly less effective compared to HCSA with
the same dosage. However, further increased UEA content, up to 5% and 7%, result in a
shrinkage value of−68.133 × 10−4 and−138.112× 10−4, respectively, showing dramatical
expansion. Obvious cracks from the macro level are also found from the corresponding
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samples. It should be mentioned that Figure 2c presents the shrinkage value in a different
magnitude compared to Figure 2a,b, due to the significant expansion behavior with high
UEA dosages. Applying expansive additives can be an effective approach in reducing the
drying shrinkage of alkali activated coal gangue-slag mixtures, and the shrinkage behavior
seem to be quite sensitive to the additive’s type and dosage.
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3.3. Thermogravimetry Analysis

Figure 3 presents the DTG curves of alkali activated coal gangue-slag composite with
different expansive additives. The endothermic peak within the temperature range of
40–200 ◦C is related to the dehydration of free and bound water in the matrix and the
reacted gels [38,39]. In addition to the mass loss due to the dehydration of water, three
characteristic endothermic peaks can be observed: (1) The one between 200 ◦C and 400 ◦C,
mainly representing the decomposition of hydrotalcite phases. This peak is only obvious in
samples with SAC addition, possibly because of the significant higher aluminate contents
among three expansive additives, resulting in the formation of additional hydrotalcite
within the reaction products. (2) The endothermic peak within 400–600 ◦C, representing the
decomposition of Ca(OH)2. This peak is more obvious in the mixtures containing HCSA
and UEA; this can be attributed to their relatively high calcium content, as can be seem
from Table 1. (3) The endothermic peak in the temperature range of 600–800 ◦C. This is
due mainly to the decomposition of the carbonate phase [40]. Similar to the presence of
Ca(OH)2, this peak seems to be related with the calcium content in the additives, namely
the higher content of calcium from the raw materials, the higher the Ca(OH)2 and CaCO3
contents within the reaction products. Table 3 lists the mass losses of each characteristic
endothermic peak. The incorporation of expansive additives leads to increased free/bound
water content; the water content is increased by 13.7–54.8% in general. All additives present
similar modification effect on this issue at the dosage of 3%, while the influence of HCSA
and UEA is more significant at a higher replacement of 7%. The obviously higher mass loss
of mixtures with 7% HCSA and UEA is well related to their remarkably increased shrinkage
as shown in Figure 2, indicating that the increment of calcium containing phases may be
the reason of expansion or shrinkage reduction in UCSA and UEA incorporated mixes.
HCSA and UEA addition results in an increase of Ca(OH)2 and CaCO3 contents, while
incorporation of SAC mainly introduces a hydrotalcite phase, indicating their different
shrinkage reducing mechanisms in alkali activated binding systems.
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Figure 3. DTG curves of AACGS mixtures after 28 d of curing. (a) DTG diagram of AACGS with
SAC, (b) DTG diagram of AACGS with UEA and (c) DTG diagram of AACGS with HCSA.

Table 3. Weight loss between 40 ◦C and 1000 ◦C determined by TG.

Mix
Mass Loss (%)

H2O
(40–200 ◦C)

Hydrotalcite
(200–400 ◦C)

Ca(OH)2
(400–600 ◦C)

CaCO3
(600–800 ◦C)

AACGS 12.01% 3.08% 3.29% 1.02%
AACGS-3SAC 14.09% 3.19% 3.11% 0.79%
AACGS-7SAC 14.48% 3.13% 2.80% 0.65%

AACGS-3HCSA 14.65% 3.35% 3.17% 0.90%
AACGS-7HCSA 18.59% 3.83% 3.97% 3.19%
AACGS-3UEA 13.66% 3.26% 5.19% 4.18%
AACGS-7UEA 17.66% 3.66% 4.32% 6.78%

3.4. X-ray Diffraction Analysis

The XRD patterns of alkali activated coal gangue-slag composites after 28 days of
curing are presented in Figure 4. The identified crystalline phases of the reference sample
include quartz, potassium mica and gismondine, a hump peak around 27–35◦ is assigned
to the C-(A)-S-H and N-A-S-H type gels, probably with a certain amount of calcite [41,42].
All mixes share very similar peak intensity of quartz, potassium mica and gismondine,
revealing that those phases are more likely from the binding materials of coal gangue and
slag, rather than from the expansive additives. With the increase of expansive additive
content, the peak intensity of calcite increases correspondingly, which is well related with
the results from thermal analysis. Because of the overlapped peaks of calcite and hydrated
gels, it is difficult to observe the effect of additives on the crystallinity of reacted gels. It
should be mentioned that in samples with SAC addition, the hydrotalcite phases that
are identified from the thermal analysis are not observed from the XRD analysis; this is
because the hydrotalcite is usually poorly crystallized in alkali activated binding systems.
Moreover, the portlandite that is observed from HCSA and UEA incorporated mixes, is
also not found from the XRD patterns, probably due to its relatively low contents and
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poor crystalline degree. It is well known that those expansive additives usually modify
the phase composition of Portland cement system by introducing crystalline phases like
ettringite, portlandite and magnesium hydroxide [43,44], therefore it can be indicated from
the XRD analysis that their shrinkage reducing mechanisms are different in alkali activated
binding systems.

Figure 4. XRD pattern of AACGS mixture with mineral admixture in 28 d.

3.5. Brunner−Emmet−Teller (BET) Analysis

The influence of SAC, HCSA and UEA on the pore characters of alkali activated coal
gangue-slag composite is analyzed by BET measurement. Table 4 lists the specific surface
area and average pore size of mixtures with 3% and 7% additive replacements. As shown
in the table, the specific surface area of reference mixes is 33.40 m2/g, and the addition of
additives results in an obvious increased specific surface area in general. SAC replacement
by 3% and 7% increases the specific surface area of hardened matrix by 8.9% and 9.5%,
respectively, indicating a remarkable influence of SAC on pore structure, while a limited
effect is shown when a further higher dosage of SAC is applied. Similar with SAC, an
increase of specific surface area by 5.8% and 5.9% is shown in mixtures with HCSA addition
of 3% and 7%, respectively. As for the effect of UEA, a more significant change in specific
surface area by 43.9% and 84.6% is observed. In addition, the calculated average pore size of
the reference mixture is 7.54 nm, which is much lower than the commonly reported values
of Portland cement based binders [25]. Adding expansive additives as binder replacements
enlarges the average pore size in general. For a fixed additive replacement of 7%, the
incorporation of SAC, HCSA and UEA increases the average pore size by 7.2%, 8.2% and
17.4%, respectively. Combined with the results shown in Figure 2, it can be seen that the
shifts in drying shrinkage are closely related with their changes in pore characteristics. The
relations between drying shrinkage, specific surface area and average pore size of alkali
activated coal gangue-slag composite are presented in Figure 5. This figure reveals that the
larger the average pore size is, the more obvious is the inhibition effect on drying shrinkage.
This is because the pore size distribution is an important factor that controls the capillary
pressure. During the curing process, the free water in the matrix gradually evaporates and
results in pore tensile stress. By adding expansion additives, the drying shrinkage is then
inhibited due to the increased pore sizes and therefore the reduced pore stress.
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Table 4. Average pore size of AACGS mortar (%).

Group Specific Surface Area (m2/g) Average Pore Size (nm)

AACGS 33.40 7.54
AACGS-3SAC 36.39 8.04
AACGS-7SAC 36.59 8.08

AACGS-3HCSA 35.35 8.11
AACGS-7HCSA 35.38 8.16
AACGS-3UEA 48.06 8.15
AACGS-7UEA 61.67 8.85

Figure 5. Relations between drying shrinkage and pore characteristics.

3.6. Compressive Strength

Table 5 shows the influence of different contents of SAC, HCSA and UEA on the
compressive strength of alkali activated coal gangue-slag composites. The reference sample
shows a 3 d and 28 d compressive strength of 39.4 MPa and 51.7 MPa, respectively, similar
to the grade 42.5 Portland cement. The addition of SAC within the dosage of 3% and 7%
improves the compressive strength in general, and the optimum dosage is shown in mixes
with 5% SAC, reaching the highest compressive strength of 63.1 MPa after 28 d of curing.
Adding HCSA with the dosage of 3% reduces the compressive strength by 8.1% at 3 d
and 11.2% at 28 d, but further higher replacement levels result in a dramatical decrease
of compressive strength by up to 77.6% at 28 d. The effect of UEA is similar to that of
HCSA, but with a more obvious negative influence on strength. The remarkable strength
reduction can be attributed to the expansion of the matrix, as shown in the drying shrinkage
results. One character of the alkali activated binding system is its fast chemical reaction
and gel formation at an early stage, and the formation speed of expansive components
in HCSA and UEA incorporated mixtures may not be as fast as the reacted gels, so the
growth of expansive phases at later stage destroy the already established matrix, resulting
in excessive expansion and strength reduction; as can be seen the strength reduction of
HCSA and UEA added samples is more obvious at later curing ages. Concerning the
chemical composition of the three applied additives, the one with higher aluminate, and
lower calcium and magnesium contents may present less negative effect on compressive
strength. Thus in terms of the mechanical properties, it can be concluded that SAC presents
a good compatibility to the alkali activated binding systems, and this binding system is
very sensitive to the type and dosage of expansive additives.
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Table 5. Effect of expansive additives on compressive strength.

Group
Compressive Strength (MPa)

3 d/MPa 7 d/MPa 28 d/MPa

AACGS 39.4 42.3 51.7
AACGS-3SAC 44.4 48.2 56.3
AACGS-5SAC 43.9 49.4 63.1
AACGS-7SAC 42.8 46.5 60.6

AACGS-3HCSA 36.2 37.3 45.9
AACGS-5HCSA 39.8 21.8 16.6
AACGS-7HCSA 24.7 15.6 11.6
AACGS-3UEA 32.3 43.6 20.6
AACGS-5UEA 29.1 36.5 9.3
AACGS-7UEA 25.2 21.8 6.1

4. Conclusions

In this study, three typical shrinkage reducing additives for Portland cement systems
are used in alkali activated coal gangue-slag composites to evaluate their suitability in
reducing drying shrinkage. The effect of SAC, HCSA and UEA on early stage reaction,
shrinkage behavior, phase composition, pore characteristics, and mechanical properties are
discussed. The following conclusions can be drawn based on the results:

1. In alkali activated binding system, the addition of SAC inhibits the early stage reaction
to some extent. Incorporating HCSA and UEA promotes the reaction with a relatively
low dosage of 3%, while an opposite effect is shown with a higher replacement of 7%.

2. All types of applied additives are able to mitigate the drying shrinkage of alkali
activated coal gangue-slag composite, but excessive dosage of HCSA and UEA would
result in expansion. The pore characteristics of the hardened matrix are well related
with their shrinkage behavior.

3. Addition of SAC brings hydrotalcite phases within the reaction products, while HCSA
and UEA addition mainly introduces CaCO3 and Ca(OH)2. Additionally formed
phases are not observed from the XRD analysis due to their relatively low dosage and
poor crystalline nature under the condition of alkali activation.

4. Applying SAC benefits the compressive strength in general, and an optimum dosage
around 5% is suggested. The compressive strength is very sensitive to HCSA and
UEA dosage; higher replacements would result in dramatic strength reduction due
to expansion.
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