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ABSTRACT:  In this paper, alkali-activated composite cementitious materials were prepared by using 
calcium carbide slag, ground granulated blast-furnace slag (GGBS), and fly ash as raw materials, and 
a combination of sodium hydroxide and sodium silicate solutions were used as alkali activators of 
binders. The drying shrinkage, resistance to chlorine ion permeability, sulfate resistance, and mechan-
ical properties of GGBS-fly ash cementitious system with different contents of calcium carbide slag 
were investigated. In addition, the changes in hydration products were also analyzed by X-ray diffrac-
tion (XRD). The results show that: when the content of calcium carbide slag instead of fly ash or 
GGBS is gradually increased, the drying shrinkage of the composite cementitious material decreases 
dramatically, the compressive strength and flexural strengths corrosion resistance coefficient increase 
first and then decrease, the compressive strength corrosion resistance coefficient decreases weakly. 
The primary hydration products of the composite cementitious material with varying calcium carbide 
slag content are calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-S-H) and 
these products remain stable under sodium sulfate erosion. Overall, the optimal properties were 
achieved with 3% calcium carbide slag replacing fly ash, which exhibits a 28 d drying shrinkage of 
9672 με, an electrical flux of 2868 C, a compressive strength of 67.3 MPa after 120 d of full immer-
sion in sodium sulfate, a flexural strength corrosion resistance coefficient of 1.21, and a compressive 
strength corrosion resistance coefficient of 1.02.

1 Introduction

Portland cement is the most widely used building 
material, and Chinese cement output has reached 
2.02 billion t in 2023. The production process of 
1 t of cement generates about 810 kg of carbon 
dioxide, 1.0 kg of sulfur dioxide, and 2.0 kg of 
nitrogen oxides [1], and the emission of these 
air pollutant gases poses significant challenge to 
environmental governance. The alkali-activated 
cementitious materials, however, take natural 
silica-aluminate materials (e.g., kaolin, metaka-
olin) or solid wastes (e.g., fly ash, ground gran-
ulated blast-furnace slag (GGBS), steel slag) as 
precursors, and activate their potential activ-
ity through alkaline activators, which have the 
advantages of low carbon emissions, environmen-
tal protection [2], and excellent durability [3-5].

Calcium carbide slag (CS) is a waste residue 
composed mainly of calcium hydroxide, which is 
generated after the hydrolysis of calcium carbide 
to produce acetylene [6]. Currently, calcium car-
bide slag is primarily disposed of by stacking and 

landfill, which not only occupies a large amount 
of land resources but also causes serious soil and 
water pollution due to its long-term stacking and 
its strong alkalinity (pH >12) [7-9]. The strong 
alkalinity of calcium carbide slag can promote 
the reaction between precursors and alkali acti-
vator [10], or it can be directly used as an alkali 
activator to prepare alkali-activated cementitious 
materials. Cong et al. [11] and An et al. [12] both 
prepared alkali-activated fly ash-slag based com-
posite cementitious materials using calcium car-
bide slag as an alkali activator, and found that 
calcium carbide slag can provide an alkaline envi-
ronment required for the hydration of the compos-
ite cementitious materials. However, the excessive 
amount of calcium carbide slag can lead to a loss 
of strength in the specimens, and the mechani-
cal properties of the sample were poor when cal-
cium carbide slag was used as the alkali activator 
alone. Shi et al. [13] investigated the feasibility 
of a red mud-calcium carbide slag synergistically 
activated fly ash-GGBS based eco-friendly geo-
polymer, the best properties of the geopolymer 
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were obtained after 12 h of heat curing, making 
it suitable for the production of low carbon con-
crete blocks. Liu et al. [14, 15] studied the effect 
of different calcium carbide slag contents on the 
compressive strength and carbonation resistance 
of alkali-activated fly ash-slag-calcium carbide 
slag based composite cementitious materials, and 
pointed out that calcium carbide slag can enhance 
the compressive strength of the specimens when 
it is incorporated by replacing the fly ash, but it 
is not conducive to the development of compres-
sive strength when it is added by replacing the 
GGBS. Moreover, the addition of calcium carbide 
slag can improve the carbonation resistance of the 
specimen.

In summary, some scholars have conducted 
studies on alkali-activated calcium carbide slag - 
GGBS-fly ash based composite cementitious mate-
rials for a certain study. However, these studies 
have mainly focused on the preparation of com-
posite cementitious materials and their hydration 
mechanisms, with a lack of research on durabil-
ity. Based on this, in this paper, a sodium silicate 
solution-sodium hydroxide mixture solution was 
used to active the calcium carbide slag-GGBS-
fly ash based composite cementitious material 
to investigate the effect of calcium carbide slag 
incorporation on its drying shrinkage, resistance 
to chloride penetration, and sulfate resistance. In 
addition, the changes in hydration products were 
also characterized by X-ray diffraction (XRD) to 
analyze the mechanism behind calcium carbide 
slag on the durability of alkali-activated ground 
granulated blast furnace slag -fly ash cementi-
tious system.

2 Materials and methodology

2.1 Materials
The main chemical compositions and XRD pat-
terns of calcium carbide slag (CS), ground gran-
ulated blastfurnace slag (GGBS) and fly ash (FA) 
are shown in Table 1 and Figure 1, respectively. 

It can be observed from Figure 1 that the prin-
cipal crystalline phase in CS is portlandite, the 
principal crystalline phases in FA are mullite 
and quartz, whereas GGBS has a large number 
of diffuse peaks, indicating the main phases of 
GGBS are glassy state, with fewer crystalline 
substances. Sodium silicate solution (with 30.0 
wt.% SiO2, 13.5 wt.% Na2O, and 56.5 wt.% H2O) 
was obtained from a local distributor. NaOH 
was analytically pure flake sodium hydroxide 
produced by Sinopharm Chemical Reagent Co., 
Ltd. The Sodium silicate solution modulus was 
adjusted to 1.5 as an alkali activator by mix-
ing with solid NaOH [16]. The alkaline activators 
were applied in this study at a content of 4 wt.% 
Na2O relative to the mass of solid precursors (CS 
+ GGBS + FA).

2.2 Experimental program and testing methods
The raw materials were first dry mixed according 
to the mix proportions shown in Table 2. Then 
the prepared sodium silicate solution was added 
to the mixer and stirred evenly to create paste 
mixtures, which were injected into the molds, 
and the specimens were demolded after extending 
the maintenance time to 36 h due to difficulty in 
demolding the specimens after 24 h of the stan-
dard maintenance (20 ± 1 °C, RH ≥ 90%).

2.2.1 Drying shrinkage
The drying shrinkage test was carried out accord-
ing to Chinese standard JC/T 603-2004 with molds 
of 25 mm × 25 mm × 280 mm, and the specimen 
was moved to a drying oven with a temperature 
of (20 ± 2) °C and a relative humidity of (50±5)% 
after demolding. After curing to the specified age, 
the length of the specimen was measured with a 
cement mortar comparator to calculate the drying 
shrinkage rate.

2.2.2 Chloride penetration resistance
Referring to the Chinese standard GB/T 50082-
2009, the resistance to chloride permeability was 
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Table 1  Chemical composition of raw materials

Materials Mass fraction [%]

Al2O3 SiO2 CaO Fe2O3 MgO K2O Na2O SO3 LOI

GGBS 14.78 31.52 38.55 1.06 8.12 0.35 0.01 1.18 0.39

FA 35.03 48.41 3.44 3.87 0.61 0.77 0.02 0.43 5.38

CS 1.93 3.49 69.09 0.41 0.18 0.02 0.03 0.33 23.85
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1  XRD patterns of raw materials (a) CS (b) FA (c) GGBS 



evaluated using the electric flux method by cylin-
drical specimens with a diameter of (100±1) mm 
and a height of (50±2) mm. After demolding, the 
specimens were cured for 28 d before conducting 
the electric flux test.

2.2.3 Sulfate resistance
The sample size for the sulfate attack test was 40 
mm × 40 mm × 160 mm. After the specimens 
were detached from the mold and placed in water 
at (20±1) °C for curing for 28 d, they were soaked 
in 5% Na2SO4 solution for the sulfate attack test. 
The sulfate attack test was divided into two dis-
tinct categories: the full-immersion test and the 
semiimmersion test. In the semi-immersion test, 
the specimens were vertically immersed in the 
erosion solution, with an immersion depth of 80 
mm. To ensure the accuracy of the test results, 
the erosion test process was designed to maintain 
a constant depth of immersion, and the erosion 
solution was replaced once a month. After 30 d, 
60 d, and 120 d of erosion, the specimens were 
removed for testing of flexural and compressive 
strengths. The flexural and compressive strengths 
were tested in accordance with the Chinese stan-
dard GB/T 17671-2021, using a loading rate of 50 
N/s for the flexural strength test and 2400 N/s for 
the compressive strength test.

2.2.4 XRD analysis
Some small pieces from the broken specimen of 
the compressive strength test were selected and 
the hydration of them was terminated with anhy-
drous ethanol. Then some of them were ground 
and dried for XRD analysis by a Bruker D8 
Advance type Xray diffractometer from Germany 
with a scanning rate of 8°/min.

3 Results and discussion

3.1 Drying shrinkage
Drying shrinkage primarily occurs due to the 
loss of water from the interior of the specimens 
to the environment through evaporation, and the 
removal of water from the capillary pores would 
cause capillary stress, which is a major driving 
force for drying shrinkage [17]. Figure 2 shows 
the drying shrinkage of the specimens with dif-
ferent contents of CS replacing FA in equal mass 
for 28 d.

From Figure 2, it can be observed that the con-
trol group without the inclusion of CS exhibits 
the highest drying shrinkage, reaching 13639 με 
at 28 d. The drying shrinkages at 28 d for 3% 
and 12% CS inclusion are 9672 με and 3660 με, 
respectively, which are 29.09% and 73.17% lower 
than that of the control group. This indicates that 
the inclusion of CS instead of FA significantly 
inhibits the drying shrinkage of the specimens, 
which is attributed to the large amount of Ca(OH)2 
in CS. Firstly, the calcium introduced by adding 
Ca(OH)2 increases the Ca/Si ratio of the C-(A)-S-H 
gel [18, 19], and the increase in the Ca/Si ratio 
enhances the water retention of the C-(A)-S-H gel 
[19]. As a result, the loss of water during drying 
is reduced, which decreases the drying shrinkage. 
Secondly, the increased presence of Ca(OH)2 crys-
talline phase enhances the stiffness of the spec-
imens and improves their elastic modulus [20], 
thereby limiting the drying shrinkage.

Figure 3 shows the drying shrinkage of the 
specimens with different contents of CS replacing 
GGBS in equal mass over 28 d.
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Table 2  Mix proportions of the samples

Serial number Precursor mass fraction [%] Na2O [%] W/B

GGBS FA CS

P0 60 40 0 4 0.45

A1 60 37 3 4 0.45

A2 60 34 6 4 0.45

A3 60 28 12 4 0.45

B1 57 40 3 4 0.45

B2 54 40 6 4 0.45

B3 48 40 12 4 0.45

2  Effect of CS replacing FA on drying shrinkage of specimens 
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3  Effect of CS replacing GGBS on drying shrinkage of 
specimens 
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It is obvious from Figure 3 that the drying 
shrinkage of the specimens at 28 d decreases grad-
ually as the content of CS increases, which follows 
the same trend as when CS replaces FA. The 28 
d drying shrinkages of the specimens with 3%, 
6%, and 12% CS content are 35.85%, 55.03%, 
and 77.85%, respectively, lower than that with-
out CS. Comparing Figure 3 and Figure 2, it can 
be observed that the decrease in drying shrink-
age of the CS replacing GGBS is more pronounced 
compared to that of the CS replacing FA. Specif-
ically, at 12% calcium carbide slag content, the 
dry shrinkage of the former decreases by 4.68% 
more than the latter. This can be attributed to the 
reduction of the content of GGBS, which slows 
down the initial hydration rate and reduces the 
amount of hydration products of C-(A)-S-H gels. 
During drying, the CA-S-H gel tends to collapse 
and redistribute [21], so the reduction of the C-A-
S-H gel decreases some of the drying shrinkage.

3.2 Chloride penetration resistance
Figure 4 shows the effect of replacing FA with 
different contents of CS on the electrical flux of 
the specimens.

Electrical flux is a test based on electrical con-
ductivity measurements, which is mainly influ-
enced by the pore structure of the paste and the 
chemical composition of the pore solution [22]. It 
can be observed from Figure 4 that the increased 
content of CS leads to a decrease followed by an 
increase in the electrical flux of the specimens. For 
instance, when the calcium carbide slag content is 
0%, 3% and 6%, the electric flux is 3567 C, 2868 
C and 2178 C, respectively, showing a decreas-
ing trend, while when the calcium carbide slag 
content is increased to 12%, the electric flux is 
increased to 2627 C. This is because the addition 
of CS promotes hydration, increases the amount 
of hydration products, refines the pore structure, 
and thus reduces the electrical flux. Additionally, 
the incorporation of CS reduces the shrinkage 
of the specimens, leading to fewer micro-cracks 
and decreased inter-pore connectivity, which 
also reduces the electrical flux. However, as the 
CS content continues to increase, the alkalinity 
and ionic concentration of the pore solution rise. 

Consequently, the conductivity of the pore solu-
tion increases, leading to higher electrical flux.

Figure 5 shows the effect of replacing GGBS 
with different contents of CS on the electrical flux 
of the specimens.

It is significant from Figure 5 that the electrical 
flux of the specimen continues to decrease as the 
CS content replacing GGBS increases. For example, 
the electric flux of the sample with 12% calcium 
carbide slag is reduced by 50.39% compared with 
that without calcium carbide slag. The decreasing 
of electrical flux caused by CS is mainly because 
it can promote hydration, reduce shrinkage, and 
optimize the pore structure, thereby enhance 
resistance to chloride ion permeability of the 
cementitious system. Additionally, from the XRD 
analysis in section 3.4.3, it is evident that when 
the same content of CS is used to replace FA and 
GGBS, the CS used to replace GGBS is more con-
sumed in the early hydration of the GGBS. As a 
result, the effect of CS on the ion concentration of 
the pore solution is reduced, making the electrical 
flux of the specimen with 12% CS replacing GGBS 
relatively smaller compared to that of the speci-
mens replacing FA.

3.3 Effect of the amount of CS replacing FA on 
sulfate attack
3.3.1 Flexural/compressive strengths
Figure 6 shows the flexural and compressive 
strengths of specimens with different CS con-
tent replacing FA at different ages after curing 
in water, and full and semi-immersion in sodium 
sulfate attack solution.

The results show that the flexural strength of 
the specimens at each age gradually increases 
with the increase in CS content under the con-
dition of water curing. The flexural strength of 
the specimen with 12% CS content reaches 17.8 
MPa at 120 d (120 d is the age of erosion, and 
the actual age is 148 d), which is an increase of 
17.9% compared to that without CS. The compres-
sive strength first increases and then decreases 
with the rise in CS content, and the specimen 
with 6% CS content shows the highest compres-
sive strength, reaching 68.6 MPa. This is because 
CS contains a large amount of Ca(OH)2, which 
can dissociate hydroxide ions to promote the 
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5  Effect of CS replacing GGBS on the electric flux of 
specimens 

4  Effect of CS replacing FA on the electric flux of 
specimens 
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hydration of GGBS and the pozzolanic reaction 
of FA, thereby increasing the hydration products. 
When the CS content exceeds 6%, the compres-
sive strength at 120 d begins to decrease. This is 
due to excessive CS admixture causing a short-
ening of setting time and loss of fluidity, which 
may lead to defects in the specimens and thus 
reduce their strength. Additionally, since CS does 
not have activity, a higher CS content means a 
reduction in FA content, resulting in a decreased 
compressive strength.

Under the erosion environment of sodium sul-
fate, with the increase in CS content, the flexural 
strength first increases and then decreases, and 
they are all greater than the flexural strength of 
specimens without CS. For instance, the speci-
men with 3% CS under full immersion for 120 
d reaches a maximum flexural strength of 19.2 
MPa. Under full immersion erosion in sodium sul-
fate, the compressive strength exhibits a similar 
pattern to that of water curing, first increasing 
and then decreasing. Specifically, the maximum 
compressive strength of the sample with 3% 
calcium carbide slag is 67.3 MPa after 120 d of 
erosion. However, after 30 d of semi-immer-
sion erosion, the compressive strength gradually 
decreases with the increased CS content, with the 
compressive strength of the specimen contain-
ing 12% CS decreasing by 16.4 MPa compared 
to that without CS, and after 120 d of semi-im-
mersion erosion, the compressive strength again 
increases and then decreases, with the specimen 
containing 12% CS showing a reduction of 1.9 
MPa compared to that without CS. This behavior 
is attributed to the fact that after incorporating CS 

instead of FA, the unreacted CS in the early stage 
continues to participate in hydration in the later 
stage, promoting the development of strength, as 
demonstrated in the subsequent XRD analysis.

3.3.2 Sulfate resistance coefficient
Figure 7 shows the flexural and compressive 
strength corrosion resistance coefficients of 
specimens with different CS contents replac-
ing FA after 120 d of sodium sulfate attack. In 
general, alkali-activated cementitious materials 
with a corrosion resistance coefficient greater 
than 0.8 are considered to have excellent sulfate 
resistance.

It can be observed from Figure 7 that the con-
tent of 3% CS significantly enhances the flexural 
strength corrosion resistance coefficient of the 
specimens, while the compressive strength cor-
rosion resistance coefficient shows only a minor 
decrease, with full and semi-immersion flex-
ural strength corrosion resistance coefficients 
of 1.21 and 1.09, respectively, and compressive 
strength corrosion resistance coefficients of 1.02 
and 1.04. In addition, it is observed that speci-
mens with each CS content exhibit higher flexural 
strength corrosion resistance coefficients when 
fully immersed. This phenomenon is attributed to 
the “wick effect” in the evaporation zone of the 
sodium sulfate semi-immersion, which accelerates 
the migration of erosion ions and leads to the for-
mation of a pore solution area with high sulfate 
concentration [23]. Consequently, physical attack 
from sulfate crystallization occurs in the middle 
section of the specimens, resulting in microcracks 
that decrease flexural strength.
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6  Strength changes of CS instead of FA specimens under different curing conditions: 
(a) Flexural strength (b) Compressive strength 

7  Sulfate resistance coefficient after 120 d of sodium sulfate erosion (a) Flexural 
strength corrosion resistance coefficient (b) Compressive strength corrosion 
resistance coefficient 
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By combining flexural strength, compressive 
strength, and corrosion resistance coefficients, 
it can be concluded that specimens with 3% FA 
replaced by CS exhibit the best resistance to 
sodium sulphate erosion.

3.3.3 XRD analysis
Figure 8 shows the XRD patterns of specimens 
with different CS content after water curing and 
full immersion in sulfate.

As shown in Figure 8, diffraction peaks of mul-
lite and quartz are observed, indicating the pres-
ence of unreacted FA in the system. Additionally, 
a large number of continuous diffuse peaks is 
seen in the XRD pattern, with an obvious broad 
hump in the diffraction angle range of 25°-35°, 
characteristic of the main hydration products, 
C-S-H/C-A-S-H amorphous gels [24, 25]. Under 
the condition of water curing, prominent Ca(OH)2 
(Portlandite) diffraction peaks can be observed 
near 18.2° and 34.2° with the increase of CS con-
tent at 30 d, which indicates that there is still a 
significant amount of unreacted CS in the system 
at this time. However, at 120 d, the Ca(OH)2 dif-
fraction peaks of the specimen containing 3% CS 
are no longer observed, and the Ca(OH)2 diffrac-
tion peaks of the specimen mixed with 12% CS 
decrease significantly compared to the specimen 
at 30 d, mainly because the pozzolanic reaction of 
FA can consume Ca(OH)2 to produce the hydration 
products of C-A-S-H gels. By comparing the XRD 
patterns of different CS content at 30 d and 120 
d, it can be found that the C-A-S-H characteristic 
peaks of hydration products are more intense at 
120 d.

The XRD pattern after 120 d of sulfate attack 
is shown in Figure 8 (b). Comparing Figure 8 (a) 
and Figure 8 (b), it can be observed that sulphate 
attack products such as ettringite and gypsum are 
not produced after 120 d of immersion in Na2SO4. 
The C-S-H/C-A-S-H gels remain stable under the 
attack of sodium sulfate, which is consistent with 
the results of Zhang et al [26].

3.4 Effect of the amount of CS replacing GGBS 
on sulfate attack
3.4.1 Flexural/compressive strengths
Figure 9 shows the flexural and compressive 
strengths of specimens with different CS con-
tent replacing GGBS at different ages after water 
curing, and full and semi-immersion in sodium 
sulfate.

As shown in Fig. 9, with the increase of CS 
content, the flexural and compressive strengths of 
each age group first increase and then decrease 
under water curing condition. The compressive 
strength starts to decrease sharply after the CS 
content exceeds 3%. At 120 d, the compressive 
strength reaches a maximum of 65.2 MPa at 3% 
CS content and then decreases to 41.9 MPa at 
12%, resulting in a compressive strength loss of 
35.7%. This trend is similar to the aforementioned 
one of CS replacing FA specimens. It is noted that 
with 12% CS content, the compressive strength 
first decreases and then increases with the age, 
with the 60 d and 120 d compressive strengths 
lower than the 30 d compressive strength, which 
suggests that excessive CS replacing GGBS hin-
ders strength development [27].

6   ZKG 8 2024� www.zkg.de

8  XRD patterns of specimens with different CS contents (a) Water curing (b) Sulfate 
full immersion 
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9  Strength changes of CS instead of GGBS specimens under different curing condi-
tions (a) Flexural strength (b) Compressive strength 
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Under the condition of full immersion in sodium 
sulfate, as the content of CS increases, the flex-
ural and compressive strengths first increase and 
then decrease. For instance, the flexural strength 
at 3% CS content is 17.4 MPa, and the compres-
sive strength is 67.1 MPa, which were 42.6% and 
4.7% higher than those of the specimens without 
CS, respectively.

3.4.2 Sulfate resistance coefficient
Figure 10 shows the flexural/compressive strength 
corrosion resistance coefficients of specimens 
after 120 d of sodium sulfate erosion with differ-
ent contents of CS replacing GGBS.

It can be seen from Figure 10 that the addition 
of CS can improve the flexural strength corro-
sion resistance coefficient. The flexural strength 
corrosion resistance coefficient of the full-im-
mersion specimen without CS was 0.81, while it 
increases to 1.29 in the specimen with 6% CS. On 
the other hand, the compressive strength corro-
sion resistance coefficient of the specimen with 
CS is lower than that without CS, and there is 
only a slight decrease in full immersion, but the 
decrease is more pronounced in semi-immersion. 
For instance, the compressive strength corrosion 
resistance coefficient is 0.96 in the specimen of 
semi-immersion with 3% CS, which is 11.1% 
lower than that without CS.

By combining the flexural and compressive 
strength with the corresponding corrosion resis-
tance coefficients, it can be concluded that the 

specimen with 6% GGBS replaced by CS exhibits 
the best resistance to sodium sulfate erosion.

3.4.3 XRD analysis
Figure 11 presents the XRD patterns of specimens 
with different CS contents replacing GGBS, both after 
water curing and full immersion in sodium sulfate.

From Figure 11, it can be observed that there 
is no significant difference in the main hydra-
tion products among specimens with varying CS 
contents replacing GGBS. The Ca(OH)2 diffraction 
peaks only decrease slightly with prolonged cur-
ing age at different CS contents, and the primary 
diffraction peaks of C-S-H/C-A-S-H gels remain 
largely unchanged. Comparing Figure 11 (a) with 
Figure 8 (a), it is evident that the Ca(OH)2 dif-
fraction peaks for the specimen with 12% CS 
replacing GGBS are significantly lower than those 
for specimen with 12% CS replacing FA at 30 d, 
indicating that that when CS replaces GGBS, the 
activation effect of CS mainly occurs in the early 
stage and the excess CS mainly acts as filling 
material in the late stage.

Comparing the XRD patterns from full immer-
sion in sodium sulfate with those from water 
curing, it can be observed that no new products 
emerge after 120 d of sodium sulfate immersion. 
Additionally, there are no significant changes in 
the diffraction peaks of the main hydration prod-
ucts of C-S-H/CA- S-H gels, which demonstrate 
that the system has excellent resistance to sodium 
sulfate attack when GGBS is replaced by CS.
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10  Sulfate resistance coefficient after 120 d of sodium sulfate erosion (a) Flexural strength 
corrosion resistance coefficient (b) Compressive strength corrosion resistance coefficient 
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11  XRD patterns of specimens with different CS contents (a) Water curing (b) Sulfate 
full immersion 
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4 Conclusions

1.	 The inclusion of CS in place of FA or GGBS can 
reduce the specimens‘ drying shrinkage and 
electric flux. Notably, replacing GGBS with CS 
has a more significant effect on reducing dry-
ing shrinkage. Specifically, for specimens with 
12% CS replacing GGBS, the drying shrinkage 
at 28 d decreases by up to 77.85% compared to 
specimens without CS, and the electric flux 
decreases by 50.39%.

2.	 When CS replaced FA, both the compressive 
strength and flexural strength corrosion resis-
tance coefficient of the specimens initially 
increase and then decrease with the increasing 
content of CS. The specimen of 3% CS replac-
ing FA enhances both the mechanical proper-
ties and the resistance to sodium sulphate 
erosion. After full immersion in a 5% sodium 
sulfate solution for 120 d, the maximum flex-
ural strength of the specimen reach 19.2 MPa, 
and the compressive strength reach 67.3 MPa.

3.	 Semi-immersion erosion causes more severe 
erosion damage than full-immersion erosion. 
In the semi-immersion sodium sulfate attack 
environment, the sulfate crystallization dam-
age caused by the “wick effect” resulted in a 
lower flexural strength corrosion resistance 
coefficient of 120 d than that of the full-im-
mersion environment specimens.

4.	 The results of XRD analysis indicate that when 
CS partially replaces FA, it promotes the late 
pozzolanic reaction of FA, resulting in an 
increased amount of C-A-S-H gel. Conversely, 
when CS partially replaces GGBS, it primarily 
enhances the geopolymerization reaction in 
the early stages, with the excess CS mainly act-
ing as a filler material in the later stages.

5 Acknowledgement

Financial support from the Hubei Provin-
cial Key Research and Development Program 
(2023DJC182), the Hubei Provincial Department 
of Housing and Urban-Rural Science and Tech-
nology Plan Project ([2023] 1656-075), “The 
14th Five Year Plan” Hubei Provincial advan-
taged characteristic disciplines (groups) project 
of Wuhan University of Science and Technology 
(2023D0501; 2023D0503) and the Hubei Pro-
vincial Excellent Young and Middle aged Science 
and Technology Innovation Team Project of Col-
leges and Universities (T2022002) are gratefully 
acknowledged.

REFERENCES

  [1]	 Wu YJ, Lu BW, Bai T, et al. Geopolymer, green alkali activated 
cementitious material: Synthesis, applications and challenges [J]. 
Construction and Building Materials, 2019, 224: 930-949.

  [2]	 Guo WC, Zhang ZY, Bai YY, et al. Development and character-
ization of a new multi-strength level binder system using soda 
residue-carbide slag as composite activator [J]. Construction 
and Building Materials, 2021, 291: 123367.

  [3]	 Zhang J, Shi CJ, Zhang ZH, et al. Durability of alkali-activated 
materials in aggressive environments: A review on recent 
studies [J]. Construction and Building Materials, 2017, 152: 
598-613.

  [4]	 Elyamany HE, Abd Elmoaty AEM, Elshaboury AM. Magnesium 
sulphate resistance of geopolymer mortar [J]. Construction and 
Building Materials, 2018, 184: 111-127.

  [5]	 Ye HL, Chen ZJ, Huang L. Mechanism of sulfate attack on alka-
li-activated slag: The role of activator composition [J]. Cement 
and Concrete Research, 2019, 125: 105868.

  [6]	 Wan ZH, Zhang WQ, Liu ZC, et al. Properties of carbide slag-
slag composite cementitious material [J]. Bulletin of the Chinese 
Ceramic Society, 2022, 41 (5): 1704-1714.

  [7]	 Feng YP, Zhou T, Kong H, et al. Evaluation of thermodynamic 
and kinetic properties of carbide slag for fluidized thermo-
chemical heat storage [J]. Journal of Energy Storage, 2022, 56: 
105855.

  [8]	 Zhao LW, Zhu GY, Li SP, et al. Research progress on character-
istics and comprehensive utilization of calcium carbide slag [J]. 
Clean Coal Technology, 2021, 27 (3): 13-26.

  [9]	 Hu DF, Mao MC, Liu XY, et al. Current status and prospects of 
resource utilization of industrial calcium carbide slag in Xinjiang 
region [J]. Environmental Engineering, 2023, 41 (S1): 420-424.

  [10]	 Phoo-Ngernkham T, Phiangphimai C, Intarabut D, et al. Low 
cost and sustainable repair material made from alkali-activated 
high-calcium fly ash with calcium carbide residue [J]. Construc-
tion and Building Materials, 2020, 247: 118543.

  [11]	 Cong PL, Mei LN. Using silica fume for improvement of fly ash/
slag based geopolymer activated with calcium carbide residue 
and gypsum [J]. Construction and Building Materials, 2021, 
275: 122171.

  [12]	 An S, Wang BM, Chen WX, et al. Interaction mechanism of 
carbide slag activating slag-fly ash composite cementitious 
materials [J]. Bulletin of the Chinese Ceramic Society, 2023, 42 
(4): 1333-1343.

  [13]	 Shi YX, Zhao QX, Xue CH, et al. Preparation and curing method 
of red mud-calcium carbide slag synergistically activated fly 
ash-ground granulated blast furnace slag based eco-friendly 
geopolymer [J]. Cement and Concrete Composites, 2023, 139: 
104999.

  [14]	 Liu Y, Xiao XX, Chen X, et al. Effect of carbide slag on carbon-
ation resistance of alkali-activated fly ash-slag [J]. Bulletin of the 
Chinese Ceramic Society, 2023, 42 (9): 3204-3211.

  [15]	 Liu Y, Chen X, Wang BW, et al. Preparation and strength 
mechanism of alkali-activated fly ash-slag-carbide slag based 
geopolymer [J]. Bulletin of the Chinese Ceramic Society, 2023, 
42 (4): 1353-1362.

  [16]	 Zhang JL, Mei JP, Li HN, et al. Study on sulfate resistance of 
alkali-activated cementitious materials in binary system [J]. 
Journal of Functional Materials, 2023, 54 (2): 197-203.

  [17]	 Thomas RJ, Lezama D, Peethamparan S. On drying shrinkage 
in alkali-activated concrete: Improving dimensional stability by 
aging or heat-curing [J]. Cement and Concrete Research, 2017, 
91: 13-23.

  [18]	 Zhang L, Ma YW, Ouyang XW, et al. Effect of CaO on the 
shrinkage and microstructure of alkali-activated slag/fly ash 
microsphere [J]. Construction and Building Materials, 2024, 
421: 135672.

  [19]	 Zhu XH, Tang DS, Yang K, et al. Effect of Ca(OH)2 on shrinkage 
characteristics and microstructures of alkali-activated slag 
concrete [J]. Construction and Building Materials, 2018, 175: 
467-482.

  [20]	 He J, Bai WB, Zheng WH, et al. Influence of hydrated lime on 
mechanical and shrinkage properties of alkali-activated slag 
cement [J]. Construction and Building Materials, 2021, 289: 
123201.

  [21]	 Ye HL, Radlińska A. Shrinkage mechanisms of alkali-activated 
slag [J]. Cement and Concrete Research, 2016, 88: 126-135.

  [22]	 Shi CJ, Zhang LY, Zhang J, et al. Advances in testing methods 
and influencing factors of chloride ion transport properties of 
alkali-activated materials [J]. Materials Reports, 2017, 31 (15): 
95-100.

  [23]	 Deng DH, Liu ZQ, Geert DS, et al. Research progress on theory 
of “sulphate salt weathering on concrete” [J]. Journal of the 
Chinese Ceramic Society, 2012, 40 (2): 175-185.

  [24]	 Ismail I, Bernal SA, Provis JL, et al. Modification of phase evo-
lution in alkali-activated blast furnace slag by the incorporation 
of fly ash [J]. Cement and Concrete Composites, 2014, 45: 
125-135.

  [25]	 Li WT, Yi YL. Use of carbide slag from acetylene industry for 
activation of ground granulated blast-furnace slag [J]. Construc-
tion and Building Materials, 2020, 238: 117713.

  [26]	 Zhang J, Shi CJ, Zhang ZH, et al. Reaction mechanism of sulfate 
attack on alkali-activated slag/fly ash cements [J]. Construction 
and Building Materials, 2022, 318: 126052.

  [27]	 Pacheco-Torgal F, Castro-Gomes JP, Jalali S. Investigations on 
mix design of tungsten mine waste geopolymeric binder [J]. 
Construction and Building Materials, 2008, 22 (9): 1939-1949.

8   ZKG 8 2024� www.zkg.de


