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Lack and quality decrease of supplementary cementing materials (SCMs) such as fly ash
and granulated blast-furnace slag is increasingly prominent in China. Thus, the use of coal
gangue (CG) and coal gasification slag (CGS) as SCMs in concrete attracted more
researcher’s attention. This paper investigated the mechanical strength, porosity, and
durability of CG-andCGS-added concrete. Experimental results showed that the activity of
the treated CG and CGS is better than that of ordinary mineral SCMs, indicating that CG
and CGS concrete can satisfy the requirements of ordinary construction under reasonable
processing technology. Both CG-added and CGS-added concrete illustrated better
chloride penetration resistance. The aluminum element contained in CG and CGS
causes the C3S hydration to generate ettringite which is an erosion product under
sulfate erosion, and it will intensify the damage of sulfate erosion. After 125th freeze-
thaw cycles, the CGS-added concrete has no obvious failure which indicates that CGS-
added concrete has great capacity in the frost resistance.

Keywords: coal gangue, durability, coal gasification slag, compressive strength, supplementary cementitous
material

INTRODUCTION

Concrete is the most used material in construction and building engineering. Supplementary
cementing materials (SCMs) such as fly ash (FA) and granulated blast-furnace slag (GGBS) are
also used in the concrete systems to reduce the use dosage of cement (Kaur et al., 2012; Cyr, 2013),
and durability of concrete is increased when high-quality SCMs were used in suitable dosage
(Borosnyói, 2016; Lollini et al., 2016; Rahla et al., 2019).

In recent years, lack and quality decrease of SCMs such as fly ash and granulated blast-furnace slag
are increasingly prominent, which directly affected the performance of concrete (Purebase, 2021).
Low-quality SCMs in cement-based materials would lead to the slow strength development, weak
durability, and service life of concrete (National Precast Concrete Association, 2010). The
permeability will increase due to the slow pozzolanic reactivity and insufficient curing time of
SCM-added cementitious materials, which promoted the diffusion of the harmful ions and thus
aggravated the durability problems. The study by Gao et al. showed the larger water-soluble SO4

2-

content in concrete under sulfate attack because of the high content of porosity and defects (Gao
et al., 2017). Thus, research and development of other new SCMs was needed in the concrete area.

Coal gangue (CG) and coal gasification slag (CGS) contain a large amount of siliceous and
aluminous minerals and have certain pozzolanic reactivity. In recent years, the use of CG and CGS
as SCMs in concrete attracted more researcher’s attention. Wang et al. studied the effects of CG
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with different fineness (200, 325, 500, 1250, and 2000 mesh) on
the mechanical properties, frost resistance, and chloride
penetration resistance of concrete (Wang et al., 2020). Zhou
using CG powder partially replaces Portland cement (PC) at 10,
20, 30, and 40% by weight for the blended cement paste mixes,
and observes the degree of reaction of calcined coal gangue
powder (Zhou, 2009). Pomykala proved the possibility of using
slag from gasification of coal as a component of concrete and
binding mixtures (Pomykała, 2014). Luo et al. investigated the
influence of CGS on the fluidity of cement mortar as the
admixture, which shows conducive to the fluidity (Luo et al.,
2021).

At present, most of the research is mainly focused on the
mechanical properties of coal gangue and coal gasification
slag powder; for its application in cement-based materials,
there are few studies on its impact on durability. As we all
know, when concrete is used in engineering, it needs to meet
not only mechanical properties, but also durability.
Therefore, in order to make up for the lack of scientific
research on the durability of coal gangue and coal
gasification slag and promote the application of coal
gangue and coal gasification slag in concrete, this paper
studies the chloride ion penetration, freeze-thaw cycle,
carbonation, and sulfate resistance of concrete mixed with
CG/CGS, and comprehensively discusses the influence of
CG/CGS on the durability of concrete. It is expected to
provide the research foundation and theoretical support

for CG/CGS as SCM. However, this study only analyzed
the concrete with the replacement rate of SCMs of 30%,
and the test work of other additives needs to be carried out
further.

FIGURE 1 | SEM image of raw materials.

FIGURE 2 | XRD spectra of CG, CGS, GGBS and FA.
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MATERIALS AND METHODS

Materials
Following four types of supplementary cementitious materials
and ordinary Portland cement were selected in this study: 1) Low-
calcium CG: calcined at 800°C; 2) CGS: grinded for 50 min and
sieved to a particle size below 200 mesh size; 3) FA: from Yibin
City, Sichuan Province; 4) GGBS: obtained from Chongqing
municipality; 5) C: Ordinary Portland cement, CEM I 42.5.
The morphology was determined using a scanning electron
microscope (SEM), as illustrated in Figure 1. CGS particles
have several shapes such as platy and prismatic, and most of
them were agglomerated with the dense smooth surface with few
pores on the exterior surface. The structure of CG turns to
irregular and porous at 800°C heating temperature, which may
be caused by the dehydroxylation of kaolinite and phase change
to metakaolin. The XRD spectra of CG, CGS, GGBS, and FA are
shown in Figure 2. There are obvious characteristic peaks of
crystalline SiO2 in CG. GGBS and FA contain a small amount of
crystalline SiO2. There is no obvious characteristic peak of
crystalline phase in CGS, indicating that most of them are
amorphous phase. GGBS contains more alumina phase.

The chemical composition results and the activity of the
cementitious materials were determined (Figure 3; Table 1). It
can be seen from the table that CG and CGS have similar contents
of SiO2 and Al2O3, which are lower than FA and higher than

GGBS. CGS has a higher content of CaO than CG, which
indicates that the hydraulic activity of cementitious materials
is influenced by its chemical composition.

Preparation of Samples
Concrete specimens were cast at a water to cement ratio of 0.37.
Aggregates smaller than 4.75mm and up to 0.075 mm are
considered fine aggregate. The total amount of cementing
material was 450 kg, and the other samples except C were
replaced by CG, CGS, and FA at the contents of 30% by the
mass of cement, respectively. Coarse aggregate, cementite, fine
aggregate, and water were added in a standard mixer after all the
ingredients were prepared, and blend for 2 min until smooth. After
that, the performance of concrete mixture was inspected according
to the Chinese standard GBT50080-2016. Table 2 lists the different
SCMs used in the concrete mixes that influence the workability of
concrete. The effect of FA, GGBS, and CGS enhanced the slump;
on the other hand, CG shows a reduction in workability compared
to the C. The reason is that CG particles are porous and loose,
which will absorb part of the water and affect fluidity.

METHODS

Mechanical Properties
The compressive strength testing of the samples has been started
at the age of 28 days. Concrete cubes 100 mm × 100 mm ×
100 mm in size were cast according to Chinese standard GB/T
50,081. The loading rate is 3 kN/s, and the average value of three
samples was used for the determination of compressive strength
values. The compressive strength was calculated by following
formula.

fcc � F

A
× λ

fcc: compressive strength of concrete cube sample, MPa;
F: sample failure loads, kN/s;
A: sample bearing pressure area, mm;
λ: dimensional conversion factor, herein is 0.95.

Pore Structure Parameters
In this paper, mercury intrusion porosimetry is used to determine
the pore structure parameters of concrete. For the sample
preparation, core-drilling is the core sampling method that
was adopted for the consideration of protecting the original
pore structure of samples. After that, the samples were dried
in a 50-degree vacuum oven for 48 h to remove free water before

FIGURE 3 | Activity of raw materials.

TABLE 1 | Chemical composition of cement CG, CGS, FA, and GGBS (wt%).

SiO2 Al2O3 CaO Fe2O3 K2O MgO TiO2 Na2O MnO SO3 C f-CaO LOI

Cement 21.39 5.15 61.04 3.86 0.62 2.82 0.85 0.64 - 3.10 - - -
CG 4.12 23.98 6.36 14.76 1.48 1.48 4.26 1.09 0.19 1.71 - - 1.1
CGS 45.44 26.37 12.30 9.29 1.28 1.11 1.04 0.91 0.37 0.17 1.08 2.8 0.7
FA 0.39 27.49 4.47 8.47 2.03 0.95 2.92 0.1.41 - 1.16 - - 1.5
GGBS 34.64 13.96 33.10 2.51 0.79 5.68 6.14 1.42 - - - - 0.8
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the test. The instrument uses the American PM60GT-18 mercury
porosimeter, in which the maximum pressure of the instrument is
325 Mpa, and the range of pore size is 3 nm to 950 μm. The
porosity tests were made on the evenly corroded cement paste
samples of 2 mm thick, which ensured the reproducibility of the
measurements.

Chloride Penetration Resistance
The tests for chloride ion penetration were in accordance with
Chinese standard GB/T 50,082.

The method of electric flux was as follows: 1) Cylinder
specimens with diameter of (100 ± 1) mm and height of (50 ±
2) mm were cured for 28 days; 2) Silica gel or resin sealing
material was applied to brush the cylinder side of the specimen,
and the specimen was vacuum-saturated; 3) 0.3 mol/L NaOH
solution and 3% NaCl solution were placed in the testing cells on
two sides of the sample, respectively, and connected to the power
supply; 4) the DC power was switched on 60 ± 0.1V, record the
results each 30 min.

Freezing and Thawing Resistance
After curing for 24 days, the prismatic specimens of 100 mm ×
100 mm × 400 mm were toked out and immersed in water with a
temperature of (20 ± 2)°C for 4 days, and the initial value of
fundamental frequency and weight of the specimens was
measured. Then, put the specimens into the freeze–thaw
testing machine. Each cycle of freezing and thawing was
completed within 2–4 h; the transverse fundamental frequency
and the quality of the specimen should be measured every
25 freeze-thaw cycles.

Sulfate Attack Resistance
For sulfate attack resistance test, concrete specimens of 100 mm ×
100 mm × 100 mm cube were prepared. The test as following
procedure: 1) specimens were initially placed in an oven to be dried
at (80 ± 5)°C for 48 h and cool down to room temperature; 2)
immersed the specimens in 5% sodium sulfate solution. The
solution was replaced each month. One cycle included 15 h of
soaking time and 5.5 h of drying time which was maintaining at the
temperature of 80 ± 5°C, then cooling after drying. Each cycle
lasted for about (24 ± 2) h. Also, it is worth noting that according to
GB/T 50,082 standard, the test can be stopped when the corrosion
resistance coefficient of compressive strength reaches 75%.

Carbonation Resistance
Prism specimens were cast and left in the cast area and demolded
24 h after casting. After demolding, the specimens were cured in

standard curing room for 26 days. Subsequently, take out the test
piece and bake it at 60° for 48 h. The specimens were moved to a
carbonization chamber with carbon dioxide concentration,
relative humidity and temperature of (20 ± 3)% (70 ± 5)%
and (20 ± 2)%, respectively, for carbonization test. On days 3,
7, 14, and 28, split the samples and spray 1% phenolphthalein
ethanol solution (the ethanol solution contains 20% distilled
water) to measure the carbonization depth.

RESULTS

Mechanical Properties
The compressive strength and strength ratio of CG-, CGS-, FA-,
and GGBS-added concrete is shown in Figure 4. It could be
known that the strength of all samples was increased with a curing
time increase of 3–56 days. C samples showed the highest
strength as 100% cement was used.

Both CG and CGS samples suggested that the strength
development trend is better than FA and GGBS. The strength
is higher than that of C45 concrete after 28 days of curing, which
fully meets the construction requirements. CG samples showed
peak strength when compared with CGS-, FA-, and GGBS-added
samples before 14 days curing time. It indicated that CG has
higher activity at the early age compared with CGS, FA, and
GGBS. The highest strength about 63 MPa was shown by CG
sample when curing age up to 56 days. CGS-added concrete
revealed higher strength than FA-added samples. Strength of
concrete with CG, CGS, FA, and GGBS-added (CG, CGS, GGBS,
FA for short) was inconsistent with the activity results of CG,
CGS, FA, and GGBS. It may be related to the powder fineness and
the accumulation state in the concrete system (Martin et al., 2006;
Berodier and Scrivener, 2014; Zunino and Lopez, 2016;
Hemalatha and Santhanam, 2018).

Porosity and Pore Diameter
It has been well accepted that the addition of supplementary
materials modifies the microstructure of cement paste. The total
porosity of cement-based materials with SCMs can be affected by
chemical (pozzolanic reaction) and physical (compactness)
influences (Cyr, 2013). The structure of cement mortar is
complex, and the size of the internal pores has a large span.
Bout et al. roughly divide the pore size into four categories and
give the impact of each level of pores on the performance: the gel
pore, with pore size of less than 20 nm (harmless pore); the
transition pore, with diameter in the range of 10–100 nm (less
harmful pores); the capillary pore, with diameter in the range of

TABLE 2 | Proportion of concrete samples (kg/m3).

Sample W/c Cement/kg FA/kg GGBS/kg CG/kg CGS/kg Sand/kg Gravel/kg Slump/kg Air content/%

C 0.37 450 — — — — 795 1,000 12.0 1.25
FA 0.37 315 135 — — — 795 1,000 22.0 1.50
GGBS 0.37 315 — 135 — — 795 1,000 24.0 1.25
CG 0.37 315 — — 135 — 795 1,000 11.5 1.20
CGS 0.37 315 — — — 135 795 1,000 21.0 0.95
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FIGURE 4 | Compressive strength and compressive strength ratio of concrete samples.

FIGURE 5 | Pore size distribution of concrete samples.

FIGURE 6 | Porosity of concrete samples. FIGURE 7 | Pore volume of concrete samples.
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100–1000 nm (harmful pores); and the macro pores, with pore
size of greater than 1000 nm (Long et al., 2017). Figures 5–7
exhibit the pore structure of concrete at different ages. The
concrete addition of SCMs has larger porosity, and the size of
pores owing to a smaller quantity of hydrates is formed in the
paste at the early age. At this time, the pozzolanic reaction has
hardly occurred to produce calcium silicate hydrate, and the
concrete mixed with SCMs will generally last for several days
(when the amount of SCMs is added, the time may be prolonged;
however, when the activity of SCMs is high, the time may be
shortened, depending on the situation).

It can be found that the samples cured for 7 days with CG
illustrated more pores, which is because the SCMs have lower
activity at the early age and the structure is relatively loose at
the early of hydration; Wang et al. published the same results
(Wang et al., 2012). All specimens except CGS (it should be
noted that the porosity of CGS concrete increases
significantly with the hydration process, considering that
the test operation may cause errors in the results; however,
the reasons for this phenomenon need further study) showed
the same trend that the hydration products C-S-H gel filled
the pores and reduced the porosity with the hydration
proceeding after curing for 14 days. The 5.63% porosity of
CG is similar to C (5.25%), and less than FA (7.13%) at the
curing age of 28 days.

Chloride Penetration Resistance
Mineral admixtures can effectively improve the internal pore
structure and interface area of concrete, and to a large extent
hinder the chloride ion erosion of concrete, which is one of the
effective measures to improve the chloride ion erosion
resistance of concrete. The reasons that mineral admixtures
is able to improve the resistance of concrete to chloride ion
erosion mainly include the following two aspects: first, the
addition of mineral admixtures can effectively optimize the
internal microstructure of concrete, thus improving its
diffusion resistance to chloride ion infiltration; second, the
secondary hydration reaction of cement after the addition of

mineral admixtures generates low-alkaline C-S-H gel, which
can enhance the chemical binding ability and physical
adsorption ability of concrete to chloride ions. The
following contents will summarize and analyze the influence
of various mineral admixtures on the chloride ion resistance of
concrete.

The results of electric flux and penetration depth of concrete
are summarized in Figure 8. It can be obviously seen that the
electric flux of C is larger than CGS and CG, which indicates that
CGS and CG significantly reduced the electric flux of concrete.
CGS has the best effect, and CG is similar to FA.

The penetration depth of chloride ions is consistent with the
electrical flux. The penetration depth of chloride ions in the C was
the largest at 10.8 mm, and the smallest of CGS at 1.8 mm. The
CG was lower than GGBS at 7.8 mm. Such a phenomenon
perhaps due to high amounts of alumina contents exhibited a
much better resistance to chloride ion penetration (Mucteba et al.,
2012).

Freeze-Thaw Resistance
At present, the evaluation indexes of concrete freeze-thaw
damage include relative dynamic elastic modulus change, mass
loss rate, compressive strength loss rate, and damage layer
thickness. The relative dynamic elastic modulus change is used
as the evaluation index in this study.

Figure 9 shows that the relative dynamic elasticity modulus
of CG is always lower than other concrete, which is less than
35% after 25th freeze-thaw cycle. According to the GB/T50082
standard, it is stipulated that the test needs to be stopped when
the freeze-thaw cycle has reached the specified number of times,
the relative dynamic elastic modulus has dropped to 60%
(≤60%), or the mass loss rate has reached 5%. The relative
dynamic elastic modulus of the CG has been low as 30.3%,
indicating that it has been destroyed, which proved the CG has
little resistance to freeze-thaw damage. The reason why the CG

FIGURE 8 | Chloride resistance of concrete.

FIGURE 9 | Relatively dynamic elastic modulus of concrete under
different freezing and thawing cycles.
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specimens were first frozen and damaged may also be due to the
good water absorption of the CG after calcination (Wang et al.,
2021; Zhang et al.,. 2021), and the previous slump results also
confirmed this view. The external water is more likely to enter
the interior of the concrete. After freezing at low temperature,
frost heave pressure will be generated, which will promote the
development of cracks. Accelerate the frost heave and fall off of
the outer layer of the specimen. The freeze-thaw resistance
grade of the FA and GGBS is F50. With the freeze-thaw
cycle reaching 150 times, no obvious damage was found in
the concrete mixed with CGS. It illustrates that the CGS has
excellent resistance to freeze-thaw damage.

The apparent quality of the freeze-thaw cycle of concrete is
shown in Figure 10. When the freeze-thaw cycle reaches 25

cycles, no distinct cracks appeared. As the freeze-thaw cycle
reaches 50 cycles, micro-cracks appear on the surface of CG;
meanwhile, the internal freeze-thaw water flows out through the
cracks, which indicates that its internal structure has been
significantly damaged. The other samples showed no obvious
damage except for the upper and lower surfaces. When 75 cycles
of freezing and thawing were done, a large amount of aggregate
fell off and broken during the sampling process of one of the CG
specimens; similarly, the FA and GGBS specimens also appeared
evident damage.

Sulfate Attack Resistance
There are two main reasons for the influence of Na2SO4 solution
on the quality of concrete under the combined action of dry and

FIGURE 10 | Freezing and thawing resistance of concrete (A) Concrete samples after 25 freeze-thaw cycles (B) Concrete samples after 50 freeze-thaw cycles (C)
Visual appearance of deteriorated prisms after 75 freeze-thaw cycles.
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wet cycles: on the one hand, the SO4
2− that enter the concrete

reacted with the hydration products and generated the erosion
products which fill and accumulate in the pores of the concrete,
temporarily increasing the quality of concrete; on the other hand,
the corrosion products are expansive. Under the combined action
of dry and wet cycles, the expansion stress will cause the concrete
to crack and peel, reducing the quality.

The mass change ratio and the compressive strength ratio of
all specimens after 30 cycles of immersion were recorded and
illustrated in Figures 11, 12. It can be found that each specimen
presented a decline in mass. Compared with ordinary concrete,
concrete mixed with SCMs shows weak resistance to sulfate
erosion. The reason is that there are many hydration products
that can participate in chemical reactions in ordinary concrete,
and the amount of corrosion products generated is large, which
improves the compactness. However, the degradation of CGmass
(-2.7%) is the most obvious among all the specimens. Meanwhile,
the compressive strength ratio (41.5%) of CG is also the highest
loss (Figure 12). Not only CG, but also CGS showed a similar
trend. Therefore, in certain sense, the change ratio of mass also
reflects the change ratio of compressive strength. The aluminum
element contained in CG and CGS causes the C3S hydration to
generate ettringite which is an erosion product under sulfate
erosion, and it will intensify the damage of sulfate erosion (Wang
et al., 2018). The reason for this phenomenon may be due to the
fact that the aluminum phase in CG combines with other
elements to form another compound. Therefore, Al2O3 was
not founded in CG.

Carbonation Resistance
Figure 13 shows the carbonation depth of the samples using
CG and CGS after 28 days of the accelerated carbonation test.
A carbonation phenomenon of all the samples was not
observed at the first 3 days, and the carbonation depth
increases gradually with an increase in exposure time. It is
not difficult to see that C showed a lower carbonation depth

than other groups at 28 days of curing, about 5 mm, and the
carbonization depth of concrete mixed with CG was the
largest, about 7.9 mm, followed by CGS, about 7.6 mm.

Although many researchers have done comparative
experiments on concrete carbonization with and without
SCMs, generalizations remain difficult. The overall trend
found in the literature is that the depth of carbonation
increases with the use of pozzolan in concretes (Shi et al.,
2009). The author considers that there are two reasons that
lead to this carbonization experiment results: the first one, the
pozzolanic reaction consumes Ca(OH)2, which implies that a
smaller amount of CO2 is required to carbonate the remaining
hydrates; when the amount of Ca(OH)2 present is lower, the
carbonization depth is larger. This view is consistent with the
conclusion drawn by (Bier, 1986). The second one, a large SCM
content weakens the accumulation effect of SCM particle, and
the increases of the capillary pore content of the specimen will
accelerate the carbonization depth. Although concretes
containing SCMs are sometimes considered as less resistant
to carbonation (especially in accelerated tests) due to their low
portlandite content, this property should not be considered
alone regarding the risk of corrosion since the SCMs can
sometimes reduce the permeability of the concrete (Bouikni
et al., 2009). Moreover, it has been shown that many concrete
with SCMs have very low probabilities of corrosion after
several tenths of years (due to lower permeability), meaning
that in the whole life cycle of concrete, the influence of
carbonization effect at the early stage is insignificant
(Ciaran and Emma, 2012).

DISCUSSION

From the observed relationship between SCM activity and
28 days compressive strength, it can be seen that activity is
positively correlated with compressive strength. The higher the

FIGURE 12 | Compressive strength ratio of concrete under 10 wt.%
Na2SO4 solution (wetting-drying) 30 days.

FIGURE 11 | Mass change ratio of concrete.
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activity, the greater the compressive strength. From the results of
concrete electric flux, it can be seen that the permeability
resistance performance of CG and CGS is better than that of
C. In addition, a comparative analysis of porosity and electric
flux results shows that CG has lower porosity but poorer
permeability, which may be due to better connectivity of
pore structure. The better the pore connectivity, the easier it
is for external material to enter the concrete and reduce
durability. However, CGS has high porosity but poor
interconnectivity, resulting in strong impermeability and
good durability. Therefore, we consider that there is no
strong correlation between concrete durability and porosity.
Moreover, the pore distribution results show that CGS concrete
has a large porosity and is easier to form gel pores during the
hydration process, but considering the reason of insufficient
sample quantity in this study, there may be errors in the results,
and future investigations are necessary to validate the kinds of
conclusions. Besides, since this study only discussed the
concrete performance of CG and CGS with 30% content, the
durability of concrete with 40 and 50% content of CG and CGS
will be studied (Osborne believes that when 60% gasification
slag is used instead of Portland cement to produce concrete, the
resistance to sulfate attack and chloride invasion is not obvious
(Osborne, 1994); therefore, the future work mainly studies the
durability of concrete with CG and CGS content less than 60%),
and the influence of the content on its durability will be analyzed
in the future work.

CONCLUSION

Overall, CG and CGS can affect the durability of concrete. The
chief conclusions of this study can be drawn as follows:

1) The strength of the concrete with CG and CGS added after
curing for 56 days can reach more than 60Mpa, indicating that
CG and CGS concrete can satisfy the requirements of ordinary
construction under reasonable processing technology.

2) Both CG-added and CGS-added concrete illustrated great
chloride penetration resistance. If it is used in a chloride
salt environment, it shows a strong advantage by adding CGS.

3) CG andCGS concrete have weak sulfate attack resistance compared
to ordinary Portland cement. The aluminum element contained in
CG and CGS will intensify the damage of sulfate erosion.

4) CGS-added concrete has great capacity in the freeze-thaw
resistance. On the contrary, CG has little resistance to freeze-
thaw damage.

5) The results for the use of CG and CGS revealed that the two
SCMs could not effectively contribute to a better performance
in carbonation resistance.
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