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Coal gangue contains a certain amount of active ingredients; it can be used as an addition to cement-based materials after 
activation. However, the durability of cement-based materials with a calcined coal gangue addition should be studied. 
In this paper, the sulfate attack resistivity of cement-based materials with a calcined coal gangue addition was studied and 
compared with ordinarily used fly ash. The effects of the sulfate attack resistance on the strength development, volume change 
and microstructure of the cement paste, mortar and concrete were studied. It was found that calcined coal gangue effectively 
improved the sulfate attack resistivity of cement-based materials, specifically expressed by the reduction in the strength loss 
or volume expansion of the mortar or concrete under the sulfate attack. When compared with the fly ash added samples, coal 
gangue exhibited a better improvement in the sulfate attack resistivity through the analysis of the strength loss and expansion 
results.

INTRODUCTION

	 Sulfate attack resistivity of cement-based materials 
is a serious concern of structures serving in a marine 
environment, in seawater, underground water, etc. [1]. 
In these service conditions, sulfate ions migrate into 
hardened cement-based materials with water, and react 
with calcium hydroxide and aluminate phases, and then 
sulfate attack products, such as ettringite or gypsum, are 
formed. During these processes, expansion happens due 
to the volume increase of the solid phases of the sulfate 
attack products, which usually causes cracks of cement-
based materials [2-5]. Besides, the C–S–H gel could react 
with the sulfate ions and the gel property can become 
deteriorated, and the breakup of hardened cement-based 
materials can occur [6].
	 It has been well indicated that modification of the 
chemical composition of cementitious materials, such 
as the reduction of the Ca(OH)2 content, modification 
of the C–S–H gel, as well as physical densification of 
the microstructure of the cementitious material, can po-
tentially increase the sulfate attack resistivity [6-7]. Thus, 
the use of supplementary cementitious materials (SCMs), 
such as fly ash, blast furnace steel slag, and silica fume 
have been widely used to tackle sulfate attack. Many 
researches have shown that the use of SCMs increased the 
sulfate attack resistance of cement-based materials. The 
replacement part of the cement by SCMs decreased the 
ettringite and gypsum content, expansion ratio, strength 
loss and the deterioration of visual appearance under a 

sulfate attack [8-11]. The lower cement dosage reduced 
the content of the expansive products of ettringite (AFt) 
and gypsum under the sulfate attack resulted by the 
pozzolanic reaction between the CH and the SCMs, as 
well as the reduction of the C3A content in the mixture 
due to the dilution effect [8, 11]. The reduction in the 
Ca/Si ratio of the C–S–H gel by the SCMs also showed 
a positive effect on the improvement of the sulfate attack 
resistance of cement-based materials [12]. However, 
the availability of SCMs with good quality has been 
limited in recent years in China [13], the durability and 
mechanical properties were cut down when low-quality 
SCMs were used in cement-based materials. Therefore, 
the sulfate attack resistance of cement-based materials 
has become a concern.
	 Coal gangue, an industry solid that is discharged 
when coal is excavated and washed in the production 
course of a coal mine. Coal gangue is one of the industrial 
solid wastes with the biggest discharge. Its output is about 
15 ~ 20 % of the total coal output [14]. SiO2 and Al2O3 are 
the main components of coal gangue. More recently, the 
application of coal gangue into cement-based materials 
has aroused great interest, and the improvement of 
pozzolanic reactivity and effects on the mechanical pro-
perties of cement-based materials have been studied 
[15-16]. The ordinary method to improve the pozzolanic 
reactivity of coal gangue is direct calcination, known as 
the thermal activation method. Some studies [15, 17-18] 
suggested that the generated amorphous reactive SiO2 
and Al2O3 from kaolinite contribute to improving the 
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reactivity of coal gangue after calcination. Research 
by Song et al [19] showed that calcined coal gangue at 
700 °C has an improved activity. It was also shown in 
[20] that the activity of coal gangue could be enhanced 
by calcination between 700 °C and 900 °C. Li et al [21] 
indicated that the performance of coal gangue powder 
calcined under 700 °C was almost perfect. Liu et al. [17] 
calcined coal gangue for 2  h at different temperatures 
(500 - 900 °C) and utilised them in a cement mortar as 
an addition (the cement replacement level was 12  %), 
the results showed that a cement mortar containing calci-
ned coal gangue calcined at 800 °C exhibited an 18 % 
increase in the compressive strength at 28 days. Many 
researchers have reported that an additional dosage of 
about 10 - 20  % can secure a relatively high strength. 
However, with a 30 % or higher replacement content, the 
28-day strength of mortar was significantly decreased 
[22]. Yang et al. [23] studied the pore structure of a blen- 
ded cement prepared with 0, 10, 20, 30 and 40 % cal-
cined coal gangue, and found an increasing porosity 
with an increasing substitution level at the early age. 
However, the negative effect seems to be insignificant 
in the late age samples. Similar results have also been 
revealed by other studies [24-25]. If the influence of 
activation methods on the mechanical properties of coal 
gangue cement-based materials become widely inves-
tigated, long-term performance studies are also needed 
to evaluate the durability of these materials.
	 In this paper, in order to investigate the effects 
of coal gangue on the performance of sulfate attack 
resistivity, the physical and mechanical properties of coal 
gangue cement-based materials and fly ash cement-based 
materials at typical replacement levels were studied.

EXPERIMENTAL

Materials

	 Ordinary Portland cement (P•O 42.5), calcined coal 
gangue (CG) and class F fly ash (FA) were used in this 
study. The chemical and physical properties of the raw 
materials are shown in Table 1. The coal gangue showed 
a similar composition to the FA. The loss on ignition 
(LOI) was significantly reduced after calcination of the 
coal gangue. Moreover, 700  °C for 2  h was used for 
the coal gangue calcination. After being calcined, coal 
gangue was ground into a powder with a specific surface 
area of 435 m2·kg-1. 
	 The SEM images of the raw materials are shown in 
Figure 1. Spherical particles can be seen in the fly ash, 
while irregular particles can be seen in the coal gangue 
sample. When compared with the uncalcined coal 
gangue, it can be found that the surface of the calcined 
coal gangue particles is more rough and uneven. This 
may be because the calcination process caused some 
organic components in the coal gangue to burn out and 
form pores. 
	 Figure. 2 shows the XRD spectra of the coal gangue 
before and after calcination, it can be seen that the 
kaolinite was completely decomposed after calcination 
at 700 °C for 2 h.

Sample preparation

	 The mix proportions of the cement paste and mortar 
samples are shown in Table 2. Standard sand (GB/T 
17671-1999 [26]) was used to prepare the cement mortar 
and a cement to sand ratio of 1:3 was used. During 

Table 1.  Chemical compositions of the cement, CG and FA (wt. %).

Sample	 CaO	 SiO2	 Al2O3	 SO3	 Fe2O3	 MgO	 MnO	 Na2O	 TiO2	 LOI

Cement	 65.48	 18.31	   4.58	 2.78	   3.59	 2.77	 0.03	 –	 –	 0.45
CG 	   6.24	 42.37	 26.13	 0.98	 16.21	 1.57	 0.19	 1.32	 3.99	 9.58
Calcination CG 	   6.18	 41.36	 25.88	 1.04	 15.36	 1.64	 0.17	   1.289	 4.16	 1.10
FA	   6.28	 50.47	 28.33	 1.43	   7.62	 0.70	 0.04	 0.93	 3.76	 2.11

Figure 1.  SEM images of the raw materials.

a) Fly ash c) Calcined coal gangueb) Uncalcined coal gangue
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mixing, the raw materials were dry-mixed for one mi-
nute and then wet-mixed for another four minutes. After 
mixing, the paste was cast in 4 × 4 × 4 cm moulds. The 
mortar was cast in 160 × 40 × 40 cm and 2.5 × 2.5 ×  
× 28.5 cm moulds. All the samples were cured for 1 day 
in the ambient environment (ca. 25  °C/60  % relative 
humidity (RH)) before demoulding and then cured for 
28  days in a chamber (20  °C/95  % RH). The cement 
paste samples were cut into 1 × 4 × 2 mm slices after 
being cured in a chamber for 28  days, and then being 
exposed to a sulfate solution for the XRD test. The 160 × 
× 40 × 40 cm cement mortar samples were exposed in 
a 5 wt. % Na2SO4 solution for 28, 180 and 360 days and 

the control samples were also cured with a saturated Ca 
(OH)2 solution (C ref) for the strength test. The 2.5 × 2.5 × 
× 28.5 cm mortar samples were exposed in a 10 wt. % 
Na2SO4 solution for the length change test. 
	 The mix proportions of the concrete samples are 
shown in Table 3. A maximum size of 2.5 cm was used 
for the coarse aggregate. The raw materials were dry-
mixed for one minute and then wet-mixed for another 
four minutes. After mixing, the concrete was cast in 10 × 
× 10 × 10 cm moulds. The samples were cured for 1 day 
in the ambient environment (25  °C/60  % RH) before 
demoulding and then cured for 28 days in a chamber 
(20  °C/95 % RH). After a curing time of 28 days, the 
concrete samples were cured in sulfate dry-wet cycles 
and in a saturated Ca(OH)2 solution, respectively. During 
the research, a 10  wt.  % sodium sulfate solution was 
used for the sulfate attack. 

Test method
Activity of coal gangue

	 The activity of the coal gangue was tested under the 
GB/T 1596-2017 method (Chinese standard, fly ash used 
for the cement and concrete [27]). The mix proportions 
of the samples for the activity test are shown in Table 4. 
The activity was calculated as follows:

Mechanical property measurements
	 The flexural and compressive strength of the 
cement mortar samples, and the compressive strength of 
the mortar samples were tested by a CMT5000 Universal 
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Figure 2.  XRD spectra of the coal gangue before and after 
calcination.

Table 2.  Mix proportions of the paste and mortar samples.

Samples
	 Paste	 Mortar	 Cement	 CG	 FA

	 w/b	 w/b	 (wt. %)	 (wt. %)	 (wt. %)

C	 0.4	 0.35	 100	 –	 –
CG10	 0.4	 0.35	 90	 10	 –
CG20	 0.4	 0.35	 80	 20	 –
CG30	 0.4	 0.35	 70	 30	 –
FA10	 0.4	 0.35	 90	 –	 10
FA20	 0.4	 0.35	 80	 –	 20
FA30	 0.4	 0.35	 70	 –	 30

Table 4.  Mix proportions of the activity test samples.

Samples
	 w/b	 Cement	 CG	 FA

		  (wt. %)	 (wt. %)	 (wt. %)

Control	 0.5	 100	 –	 –
CG	 0.5	 70	 30	 –
FA	 0.5	 70	 –	 30

Table 3.  Mix proportions of the concrete samples.

Samples
	 Concrete	 Cement	 CG	 FA	 Sand coarse	 Superplasticiser

	 w/b	 (wt. %)	 (wt. %)	 (wt. %)	 aggregate ratio	 (wt. %)

C	 0.4	 100	 –	 –	 0.35	 0.04
CG10	 0.4	 90	 10	 –	 0.35	 0.04
CG20	 0.4	 80	 20	 –	 0.35	 0.04
CG30	 0.4	 70	 30	 –	 0.35	 0.04
FA10	 0.4	 90	 –	 10	 0.35	 0.04
FA20	 0.4	 80	 –	 20	 0.35	 0.04
FA30	 0.4	 70	 –	 30	 0.35	 0.04

Activity =

× 100 %

Mortar strength of CG or FA at 28 days
Mortar strength of control at 28 days
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Testing Machine (MTS, China) and the strength ratio 
was calculated to show the relationship of the sulfate 
attack resistance between the different samples. 

	 For the mortar samples, the average value of 
three samples was used for the determination of the 
flexural strength values, and the average value of six 
measurements was used for the compressive strength 
values. For the concrete samples, the average value of 
three samples was used for the determination of the 
compressive strength values.

Length change
	 The length change of the cement mortars was 
calculated by ASTM C1012/C1012M – 15 [28]. 

ΔL = (L1 – L2)/L3 × 100

∆L = change in length at x age (%),
L1 = comparator reading of the specimen at a certain age,
L2 = initial comparator reading of the cement mortar bar 
comparator reading,
L3 = nominal gauge length, 250 mm.

X-ray diffraction
	 The sulfate attack products of the cement paste were 
studied by X-ray diffraction (XRD, Bruker D8 Advance, 
Germany). The samples were vacuumed oven-dried 
at 45  °C for 72  hours and then ground into a powder 
smaller than 75 μm by an agate mortar after exposure in 
a 10 wt. % Na2SO4 solution for 360 days. The Cu-Kα ra-
diation was conducted at a voltage of 40 kV and an acce- 
lerated current of 40 mA. A scan speed of 0.5 sec/step 
and increment of 0.02° was used.

Morphology and microstructure
characterisation

	 A Scanning Electron Microscope (SEM) and Ener-
gy Dispersive Spectrometer (EDS) (JSM-7610F, JEOL, 
Japan) were used to identify the phase present and mic-
rostructure, respectively. The samples were vacuumed 
oven-dried at 50  °C for 48  hours before being tested 
and the fresh fracture surface of the samples was made 
conductive by coating a 20 nm thick platinum film onto 
the surface.

RESULTS AND DISCUSSIONS

Activity and strength of mortar samples

	 Figure 3 shows the activity of the fly ash and coal 
gangue, it can be seen that the activity of the coal gangue 
is higher than that of the fly ash. This might be related to 
the calcination process producing more active SiO2 and 
Al2O3.
	 For the strength of the cement mortar at a curing 
time of 28 days (as shown in Figure 4), a lower strength 
was shown by the CG- and FA-added samples when 
compared with the control samples. With an increase in 

Strength ratio =
Sample strength after sulfate attack or C ref
Control sample strength after sulfate attack

× 100 %

Strength change =

Sample strength after sulfate attack –
– Sample strength cured in Ca(OH)2

Control sample strength after sulfate attack
× 100 %
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Figure 3.  Activity of the fly ash and coal gangue.
Figure 4.  Flexural (a) and compressive strength (b) of the ce-
ment mortar at a curing time of 28 days.
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the added dosage, the flexural strength of the CG-added 
samples decreased and the lowest strength of 9.8 MPa 
was shown by the CG30 samples. The FA-added samples 
have the same strength change tendency. However, 
at the same dosage, the FA-added samples showed a 
lower strength than the CG-added samples, which was 
consistent with the activity results in Figure 3. For the 
compressive strength, it decreased with an increase in 
the CG- and FA-added dosage. The same FA and CG 
dosage showed a similar strength, a slightly increased 
strength was shown by the CG-added samples. The high 
activity of the CG contributed to these results.

Flexural strength and compressive 
strength after sulfate attack

	 The flexural and compressive strength ratio of the 
cement mortar samples cured in the 10  wt.  % Na2SO4 
solution up to 360  days is shown in Figure 5. For the 
flexural strength after the sulfate attack, it can be seen 
that the flexural strength of the control samples was 
higher than the C Ref samples when cured in the Na2SO4 
solution for 28 and 180 days. This indicated the beneficial 
effect of the sulfate ions on the strength development 
until this age, and similar results were reported by other 
researchers [29-30]. The main reason could be that the 
formation of expansive products due to the sulfate attack 
was not enough to damage the cement mortar at 180 days 
and, therefore, contributed to the densification of the 
microstructure.
	 For the 28-day sulfate attack samples, the flexural 
strength ratio of the CG added samples showed an 
increase with the added dosage, which could be due to 
the higher CG addition leads to the slow hydration of 
the mixture and the sulfate solution easily migrate inside. 

More sulfate attack products were formed and resulted in 
a higher strength ratio. The FA-added samples showed 
the same change with the FA added dosage increase, 
and a higher strength ratio was shown when compared 
with the same dosage added in the CG samples, which 
means that more sulfate attack products were formed. 
Moreover, the sulfate might be promoted by the reaction 
of the FA in the cementitious system [30-31]. 
	 When the sulfate attack time was increased to 
180  days, a 15 % higher flexural strength was shown 
by the C samples than the C Ref samples. This result 
indicated that more sulfate attack products were formed, 
but they were not enough to damage the cement mortars. 
A similar flexural strength was shown by the same CG 
and FA added dosage samples, the strength of the FA-
added sample was slightly higher than the CG-added 
samples, the reason was discussed before. At the sulfate 
attack time of 360 days, a decrease in the strength (20 % 
reduction when compared with the C Ref samples) of the 
C samples was shown. Enough sulfate attack products 
caused structural damage and contributed to this result. 
The formation of ettringite and gypsum (as shown in 
Figures 6 and 7) increased the volume of the solid phases 
and consequently the destruction of the structure occurs. 
The CG-added samples showed a higher strength ratio 
than the C samples, the substitution level of the cement 
and the pozzolanic reactivity of the coal gangue slag 
reduced the formation of sulfate attack products and, 
therefore, the damage process was retarded. The XRD 
results in Figure 6 show few sulfate attack products of 
ettringite and gypsum of the CG-added samples after the 
sulfate attack, which support the strength change results. 
The FA samples also showed a higher strength ratio than 
the C samples, the reason was similar to the CG-added 
samples. However, the strength ration of the FA-added 

Figure 5.  Flexural (a) and compressive (b) strength ratio of the cement mortar samples cured in a 10 wt. % Na2SO4 solution up 
to 360 days.
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samples was lower than the CG-added samples, which 
indicates the better sulfate attack resistivity of the CG-
added samples. 

	 Figure 6 shows the XRD spectra of the cement 
paste after sulfate attack. It can be seen that the CG and 
FA addition reduced the sulfate attack content of the 
ettringite and gypsum. The Portlandite content is also cut 
down with the CG and FA addition. The CG30 and FA30 
samples showed higher portlandite when compared with 
the CG10 and FA10 samples, and slightly less ettringite 

and gypsum is also shown. It means that more CH reacts 
with the sulfate solution in the FA10 and CG10 samples 
and more sulfate attack products are formed. It supports 
the strength change in Figure 5 and the strength loss in 
Figure 8.
	 For the compressive strength cured in 10  wt.  % 
Na2SO4 solution up to 28 days, the C samples showed 
a slightly higher strength ratio when compared with the 
C Ref samples. It was different from the flexural strength 
ratio in Figure 5a, which could be due to the sulfate attack 
was an outside-in process, the sulfate attack products 
firstly formed on the surface, which was more obvious 
to increase the flexural strength at the sulfate attack early 
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Figure 6.  XRD spectra of the cement paste samples cured in a 
10 wt. % Na2SO4 solution up to 360 days.

Figure 7.  SEM images and EDS of the cement paste samples cured in a 10 wt. % Na2SO4 solution up to 360 days.
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age. The samples with the FA and CG showed a higher 
strength than the C samples, more of the sulfate solution 
migrated inside which contributed to this condition. With 
a cured time up to 180 days, a higher strength ration of 
the C samples is shown as more sulfate attack products 
were formed. A higher compact structure was formed 
and a strength enhancement occurred. Figure 7a showed 
the ettringite fill in the pores, which might prove part of 
the strength before destroying the pores.
	 When the mortar samples are cured in the 10 wt. % 
Na2SO4 solution up to 360  days, a strength decrease 
was observed and it indicated that damage caused by 
the sulfate attack occurred. A comparable strength ratio 
with the C Ref samples was observed, which was related 
to the lesser attack products (showed in Figure 6). The 
FA-added samples showed a lower strength ratio than 
the C Ref samples and higher strength ratios than the 
C samples, which might be explained by two reasons: 
(1) the FA that replaced part of the cement decreased the 
formation of the sulfate attack products, thus a higher 
strength resulted that in than C samples; (2) the weak 
binding of the unhydrated FA particles and hydration 
products might be easily cracked under sulfate attack 
[32], thus a lower strength resulted than that in the C Ref 
samples.
	 The flexural and compressive strength of the mor-
tar samples cured in the 10 wt. % Na2SO4 solution at 
360  days is shown in Figure 8. The control samples 
showed the highest strength loss after the sulfate attack 
at 360  days, a 20  % strength loss was shown. For the 
samples with the CG addition, the strength loss was 
reduced with an increase in the CG-added dosage and 
the CG30 samples showed a strength enhancement. The 
decrease in the strength loss was due to the high-level 
cement replacement that retarded the sulfate and reduced 
the sulfate attack product content (as shown in Figure 9). 
In addition, the depleted structure might create a large 
space for the sulfate attack products and the deteriora-
tion time becomes delayed. For the FA-added samples, 
a lower strength loss was exhibited than that in the C 

samples and the reason was the same with the CG-added 
samples. However, the strength loss of the FA10 samples 
was higher than the CG10 samples, and also the FA20, 
FA30 samples compared with the CG20, CG30 samples, 
respectively. This indicated that the CG could improve 
the sulfate attack resistivity of the cement mortar and this 
effect was better when compared with the FA. It might 
be attributed to the high pozzolanic reactivity of the CG 
while the CH content reacting with sulfate solution was 
reduced.
	 For the compressive strength change, the C samples 
showed the highest strength loss of 12.4 %, which was 
lower than the flexural strength loss, which was due 
to the attack that firstly occurred on the surface and it 
was more obvious in the flexural strength change. The 
CG10/CG20 samples showed a 5.6/3.2 % strength loss, 
respectively. The CG30 samples showed a strength 
increase of about 1.4  %. Meanwhile, the FA10 and 
FA20 samples showed higher strength increases. The 
low reactivity of the FA caused the large porosity and 
more sulfate attack products (as shown in Figure 9) filled 
the pores. The large porosity provided more space for 
the sulfate attack products and damage did not occur. 
These effects resulted in the strength increase. The FA30 
samples showed a compressive strength loss of 1.6 % as 
the reason is that more sulfate solution entered inside and 
reacted with the hydration products, and then damage 
was observed. 

Length change of cement mortar
after sulfate attack

	 The formation of sulfate attack products, such as 
ettringite and gypsum, increased the solid volume and 
expansion resulted. The length changes of the cement 
mortar after the sulfate attack are shown in Figure 9. 
The control samples showed the highest length change 
of about 0.035 % at 360 days when cured in the sulfate 
solution. This was consistent with the largest strength 
loss in Figure 8, as more sulfate attack products caused 

Figure 8.  Flexural (a) and compressive strength of the mortar samples cured in a 10 wt. % Na2SO4 solution at 360 days (the 
negative values represent the strength loss and the positive values represent the strength increase when compared to the samples 
cured in the CH solution).
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these results. When the sulfate attack time is up to 180 
days, the FA10 and FA30 samples showed a slightly 
higher length change when compared with the CG-
added samples. A similar length change was revealed 
by the CG and FA added samples when the curing time 
in the 10 wt. % Na2SO4 solution is up to 360 days, and 
the minimum value of 0.024 % was shown by the CG30 
samples. Considering these results, it can be concluded 
that the FA and CG both reduced the expansion under 
the sulfate attack and a better performance was observed 
with the CG. These results were consistent with the 
strength development and loss in Section 3.2.

Strength of cement concrete
after sulfate attack

	 The compressive strength development of the 
cement concrete cured in the 10 wt. % Na2SO4 solution 
after 90 and 120 wet-dry cycles is shown in Figure 10. 
A strength increase was observed with all the samples 
at 90 wet-dry cycles. The sulfate attack products were 
not enough to damage the concrete structure, but served 
to fill the voids/pores. A strength increase was observed, 
which was consistent with the mortar strength change 
of the mortars before 180 days in Figure 5. The CG20/
CG30 and FA20/FA30 samples showed a higher strength 
change, which might be due to the loose structure 
leading to more of the sulfate solution entering inside 
the concrete, as well as the sulfate attack products and 
recrystallisation sulfate filling the pores [32]. Finally, 
a denser structure formed which revealed a strength 
increase. When the wet-dry cycles increased to 120, 
the control samples revealed the highest strength loss, 
which was same as the mortar in Figure 8. The CG10 
and CG20 samples showed a strength loss while an 
increased strength was shown by the CG30 samples. 
The high replacement level of the cement by the CG 
alongside with the pozzolanic reactivity consumed more 

CH and reduced the sulfate attack products (as shown in 
Figure 6), and the damage was delayed or avoided. The 
FA10 and FA20 samples also showed a strength loss and 
the FA30 sample showed a strength increase, the reason 
was the same as the CG-added samples.

CONCLUSION

	 In this paper, the effects of coal gangue on the 
sulfate attack resistivity of cement-based materials in 
terms of its mechanical properties, volume stability and 
sulfate attack products were studied. The effects were 
also compared with fly ash added samples. The following 
conclusions can be drawn:
●	Calcined coal gangue has a higher pozzolanic reactivity 
than class F fly ash. 

●	The addition of calcined coal gangue significantly 
improved the sulfate attack resistivity of the cement-
based materials, specifically, it results in a reduction 
in the strength loss of the cement mortar and concrete, 
and expansion of the cement mortar under the sulfate 
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attack. The coal gangue also improved the sulfate 
attack resistivity of the cement-based materials under 
the wet-dry cycles of the sulfate attack.

●	When compared with the fly ash added samples, the 
coal gangue ones exhibited better improvement in the 
sulfate attack resistivity through the analysis of the 
strength loss and expansion results.

●	The higher sulfate attack resistivity of the coal gangue-
added samples was attributed to the replaced part of 
the cement and reduced sulfate attack products, and 
the pozzolanic reactivity consumed part of the CH.  
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