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28 11 Abstract: Thispaper studied the effect of shrinkage reducing admixture (SRA) on drying shrinkage
31 12 and microstructure of alkali-activated coal gangue-slag (AACGS). Concrete was prepared by using
34 13 calcined coal gangue as coarse aggregate. The effect of SRA on the compressive strength and
14 durability of concrete under different calcined coal gangue coarse aggregate (CCGCA) content was
39 15 investigated, and the action mechanism of SRA was also systematically analyzed. The research
42 16 results showed that the addition of 3% SRA can reduce the drying shrinkage of AACGS mortar by
45 17 47.5%. The 28d compressive strength of concrete can be reduced by mixing with SRA, which has
48 18  limited effect on the 90d compressive strength. SRA can significantly improve the frost resistance
S0 19  durability of concrete (water freezing and salt freezing conditions can increase the number of freeze-
53 20 thaw cycles by about 50 and 25, respectively) and sulfate attack resistance (90d testing). With the
56 21 increasing content of CCGCA, the effect of adding SRA on the improvement of anti-chloride

59 22 penetration has become more obvious. SRA caused changes in the pore size distribution, reaction
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rate and interfacial bond strength of AACGS concrete. Moreover, the present study also provides

the experimental and detailed theoretical basis for the action mechanism of SRA in alkali-activated

materials concrete.

Key words: shrinkage reducing admixture; alkali-activated coal gangue-slag; calcined coal gangue

coarse aggregate; compressive strength; durability; action mechanism

1 Introduction

Alkali-activated materials have the advantages of low hydration heat, low environmental

impact, early high strength, chemical attack resistance, and good durability, etc., which have become

the most promising construction materials to replace Portland cement [1-3]. Due to the reaction

mechanism of alkali-activated materials is different from that of ordinary Portland cement, its

stability is not as good as that of cement materials, posing some challenges to the popularization

and application of alkali-activated materials. The shrinkage characteristics of concrete will

contribute to a decrease of compressive strength and reduce the durability of concrete. It has been

proved that the shrinkage of alkali-activated materials is significantly higher than that of cement-

based materials [4-6], which seriously hinders the promotion and application of alkali-activated

materials in concrete.

Coal gangue is regarded as a kind of hard black-gray rock associated with coal seam, which is

a solid waste discharged during coal mining and coal washing. Its main chemical components are

SiO, and Al;Os3 [7]. Coal gangue is restricted by the geographical location, environment and

production benefits, and natural accumulation is the most extensive treatment method, which not

only occupies land but also pollutes water, air, and soil, adversely affecting the environment [8,9].

At present, coal gangue is mainly used for production of cement [10], road construction [11] and
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sintered bricks [12]. Thus, its utilization rate is still very low. To solve the problem of idleness and

pollution of coal gangue in countries producing coal, it is urgent to find a new way to improve the

utilization rate of coal gangue. The volcanic ash activity of coal gangue requires high-temperature

calcination to stimulate, different from fly ash and slag, coal gangue contains crystallized state and

non-crystallized state, and the crystallized state plays a filling role in the pastes. Zhou et al. [13]

used spontaneous combustion coal gangue coarse aggregate instead of ordinary crushed stone to

prepare concrete, which could satisfy the requirements of compressive strength grade, finding that

the interface transition zone (ITZ) between spontaneous combustion coal gangue and cement mortar

were well bonded. Guan et al. [14] prepared concrete by using coal gangue as coarse aggregate,

and found that with the increase of the content of coal gangue coarse aggregate, the frost resistance

and mechanical properties of concrete decreased, and the toughness, damage layer thickness and

peak stress-strain of concrete all decreased. Zhang et al. [15] prepared concrete by using

spontaneous combustion coal gangue as coarse aggregate, and found that the coal gangue coarse

aggregate size has limited influence on concrete. When the content of coal gangue coarse aggregate

is 100%, the compressive strength, splitting tensile strength and elastic modulus of concrete

decrease by 19.4%, 36.1% and 32.2% respectively. The application of coal gangue in concrete not

only has good economic benefits, but also protects the environment, of which the environmental

benefits are far greater than its economic benefits. Therefore, it is of great significance to expand

the application of coal gangue in concrete.

The research group has studied the drying shrinkage of alkali-activated coal gangue-slag

(AACGS) mortar, finding that when the modulus of alkali activator is 1.3 and the mixing ratio of

coal gangue and slag is 1:1, the drying shrinkage rate of AACGS mortar is 3.05 times that of cement
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mortar [16]. Such a high drying shrinkage rate greatly limits the engineering application of AACGS

materials. Till now, the research and measures to reduce drying shrinkage of alkali-activated

materials have been greatly limited, including expansion compensation, reduction of capillary

pressure and fiber skeleton inhibiting shrinkage, etc [17-20]. Hu et al. [21] found that shrinkage

reducing admixture (SRA) significantly reduced the autogenous shrinkage and drying shrinkage of

alkali-activated slag mortar, and decreased the capillary tension of mortar specimens. Palacios et al.

[22] found that in the relative humidity of 99% and 50%, SRA can reduce the shrinkage of alkali

activated slag mortar by 85% and 50% respectively, indicating that it could be clearly seen that SRA

had more significant shrinkage reduction performance under high curing humidity conditions. That

is to say, the SRA can not only reduce drying shrinkage, but also significantly improve chemical

shrinkage or autogenous shrinkage under high humidity. Bentz et al. [23] investigated the effect of

SRA on the internal relative humidity of cement-based mortar, concluding that in the low water-

cement ratio mortar cured under sealed conditions, the addition of SRA led to the reduction of

internal relative humidity and the significant reduction of autogenous shrinkage. Darshan et al. [24]

found that the SRA can increase the internal relative humidity in addition to reducing the surface

tension of the pore solution, and this is very effective in reducing the autogenous shrinkage of alkali-

activated slag mortar. Compared with ordinary crushed stone, coal gangue exhibits superior water

absorption performance as concrete coarse aggregate [25]. Song et al. [26] studied the effects of

superabsorbent polymers on the internal relative humidity and autogenous shrinkage of alkali-

activated slag mortar, finding that increasing the content of superabsorbent polymers in mortar is

conducive to improving the internal relative humidity of mortar and reducing shrinkage. Vlastimil

et al. [27] found that SRA has certain incompatibility with alkali-activated slag materials, and SRA
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reduces drying shrinkage by delaying hydration reaction, leading to pore structure coarsening.

The addition of SRA will cause a series of changes in the mortar, including pore size

distribution, reaction rate, interfacial bond strength, etc. At present, SRA has positive effects on

chloride permeability and frost resistance of cement concrete [28,29]. In the study on alkali-

activated materials, SRA focuses on the hydration and drying shrinkage of alkali-activated pastes or

mortar [30]. A lot of researchers have studied the action mechanism of SRA to reduce capillary

tensile stress through reducing the surface tension of pore water [31-33]. However, there is still a

lack of relevant experimental and theoretical research about whether it changes pore distribution

and what impact it has on the durability of alkali-activated concrete. Theoretically, although SRA

inhibition of the shrinkage of alkali-activated materials will improve the durability of concrete, the

specific degree of improvement has not been studied. Furthermore, the research on the ability of

SRA to restrain dry shrinkage of AACGS mortar still remains blank. Therefore, even though SRA

has a positive effect on alkali-activated materials, coal gangue materials are different from other

research materials. Therefore, it is necessary to deeply explore the effect and action mechanism of

SRA on AACGS mortar and concrete.

In the current work, high-calcium slag and silicon-aluminum coal gangue materials were used

as cementitious materials. Sodium hydroxide and sodium silicate were used as alkali activators, and

calcined coal gangue at 700°Cwas used as coarse aggregate to prepare AACGS mortar and concrete

respectively. The effect of SRA dosage (1%, 2% and 3%) and the content of calcined coal gangue

coarse aggregate (CCGCA) (0%, 30%, 50%, 70% and 100%) on the drying shrinkage characteristics

of AACGS mortar and the durability of concrete were explored. The durability tests included rapid

chloride migration coefficient method (RCM), freeze-thaw resistance (water-freeze and salt-freeze)
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and sulfate attack resistance tests. Using the mercury intrusion porosimetry (MIP) method and

scanning electron microscope (SEM), the effect of SRA on the microstructure of AACGS was

deeply investigated, and the mechanism of SRA to improve the durability of AACGS concrete was

deeply analyzed.

2 Experimental

2.1 Raw materials

The coal gangue powder and coarse aggregate were calcined in muffle at 700°C for two hours,

Fig.1 shows the photos of coal gangue coarse aggregate used in the test. Fig.1(a) shows the raw coal

gangue, which is black-gray. Fig.1(b) shows the calcined coal gangue at 700°C, which is gray-white.

The S95 granulated blast furnace slag from HBIS Group Co., Ltd. was used. The chemical

compositions of the two materials determined by X-ray fluorescence (XRF) are shown in Table 1.

The particle size distribution of the two materials were determined by laser particle size distribution

instrument, as shown in Fig.2. The median particle size d50 of coal gangue powder and slag powder

were 17.252um and 10.529um, respectively. SRA uses alkyl polyether SRA (liquid solvent, the main

components include aliphatic ethylene diether and hydroxide alkylamines), which is provided by

China Fuyuan Construction Material Factory. The 96% sodium hydroxide analytical pure (NH) and

sodium water glass (NS, 26.5%SiO,, 8.5%Na;0, 65%H.0, modulus 3.22) were selected as alkali

activator. The chemicals reagent used in the durability test included 99.5% sodium chloride solution

(NaCl) analytical pure and 99.9% Na,SO4 analytical pure.
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(a) Raw coal gangue

Fig.1 Photos of CCGCA for test
Table 1 The main composition of coal gangue and slag /wt%

(b) Calcined coal gangue

Parameters Coal gangue Slag
SiO; 56.56 30.58
Al;Os 36.78 14.04
CaOo 0.62 38.43
Fe.O3 1.95 0.35
MgO 0.22 10.57
Na.O 0.42 0.57
SOs 0.03 2.36
TiO; 2.10 1.93
LOI 1.32 1.17
100 - —— coal gangue
——Slag ) N
- - - Coal gangue i |
< 80F --- Slag :
) \
> \
Tg ) i
2 60 g
= \
T =
= ! i
€ 40 '
> \
(@) \‘
20 R | 7
O - -y = = =l ul~\~'—_—_~__"l"—

0.1 1 10
Particle size/pm

Fig.2 Coal gangue and slag powder particle size analysis

2.2 Mixture proportions and specimens preparation

In this paper, the preparation of specimens is divided into two types: AACGS mortar and

Volume/%
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AACGS concrete. Mortar specimens are used for the determination of drying shrinkage, while

concrete specimens are used for the determination of compressive strength and durability. The alkali

activator modulus of all specimens was 1.30, and the mixing proportion of coal gangue to slag

powder were 1:1. A total of 4 groups of mortar specimens and 12 groups of concrete specimens

were prepared, and the specific mixing proportion was shown in Table 2 and Table 3. The alkali-

activated solution was prepared 24 hours before use, and cooled to room temperature to ensure that

the activator components were mixed evenly and the polymerization process was improved [34].

The required alkali activator modulus was obtained by mixing sodium hydroxide analytical pure

and sodium silicate solutions, and adding additional water to prepare the product conforms to the

liquid-solid ratio requirements in Table 3.

The preparation of the specimens all adopts the forced mixing method. The coal gangue and

slag powder, standard sand (fineness modulus 2.70) were mixed and stirred for 3min, then pour into

alkali activator solution and continue to stir for 5min. The newly mixed mortar was poured into the

test mold with embedded metal nails at both ends to test the drying shrinkage values of different

ages. Mix coal gangue and slag powder, standard sand, ordinary crushed stone and CCGCA for

5min, then pour into the alkali activator solution and continue to stir for 5min. Pour fresh AACGS

concrete into the corresponding test mold, and the dimension and quantity of each group of

specimens are shown in Table 4. All specimens were cured in the standard curing room (RH=95+1%,

T=20+2°C) for 1d and then demoulded. The curing conditions of subsequent specimens were divided

into:

a. After demolding the mortar specimen, the initial length Lo and the initial mass Wy were

determined by the micrometer specific length meter (accuracy 0.001mm) and the electronic scale
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(accuracy to 0.01g). The specimens were moved to the cement mortar drying shrinkage curing

humidity control box with a temperature of 20+2°Cand relative humidity of 60£5°C, and the length

values of 1d-180d L and mass W were tested respectively.

b: Palacios et al. [22] found that SRA reduced shrinkage performance more significant under high

curing humidity conditions. Therefore, AACGS concrete specimens would continue to be moved to

the standard curing room for curing until the measured age.

Table 2 Mix proportion of AACGS mortar specimens

No. Coal gangue Slag Standard sand NH NS H20 SRA
SRA-0 500 500 2750 94.17 580.85 188.35 —
SRA-1 500 500 2750 94.17 580.85 188.35 1%
SRA-2 500 500 2750 94.17 580.85 188.35 2%
SRA-3 500 500 2750 94.17 580.85 188.35 3%

Table 3 Mix proportion of AACGS concrete specimens

Coal Slag  Standard Coarse aggregate Liquid Alkali- Modulus  SRA
No. gangue  powder sand Crushed Coal -solid activator
powder stone gangue  ratio  solid dosage
C-SRA-0 280 280 565 1050 — 0.40 0.32 1.30 —
C-SRA-1 280 280 565 1050 — 0.40 0.32 1.30 1%
C-SRA-2 280 280 565 1050 — 0.40 0.32 1.30 2%
C-SRA-3 280 280 565 1050 — 0.40 0.32 1.30 3%
CG30 280 280 565 735 315 0.40 0.32 1.30 —
CG50 280 280 565 525 525 0.40 0.32 1.30 —
CG70 280 280 565 315 735 0.40 0.32 1.30 —
CG100 280 280 565 — 1050 0.40 0.32 1.30 —
CG30- 280 280 565 735 315 0.40 0.32 1.30 3%
SRA
CG50- 280 280 565 525 525 0.40 0.32 1.30 3%
SRA
CG70- 280 280 565 315 735 0.40 0.32 1.30 3%
SRA
CG100- 280 280 565 — 1050 0.40 0.32 1.30 3%
SRA
Table 4 The dimension and quantity of specimens prepared for each group
Experiment type Dimension Quantity Total
AACGS Drying shrinkage 25mmx25mmx280mm 4 16
mortar
Compressive strength ~ 100mmx100mmx100mm 6 72
AACGS Rapid chloride ®100mmx50mm 3 12
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concrete penetration

Freeze-thaw cycles 100mmx100mmx400mm 3 36
(water)
Freeze-thaw cycles 100mmx100mmx400mm 3 36
(salt)
Sulfate attack 100mmx100mmx100mm 6 72
Total 244

2.3 Test methods

I: Drying shrinkage

According to the initial length of the tested specimens Lo and the length of each curing age L,

the initial mass Wy and the mass of each curing age W, the drying shrinkage ratio s and mass loss

AW are calculated as shown in Equations 1 and 2:

£5=(Lo-L1)/280x100% ¢H)

AW=(Wo-W:)/Wox100% 2)

The arithmetic mean value of the three specimens is taken as the drying shrinkage value. When

the deviation between the test value and the mean value is greater than 20%, the value should be

removed.

II: Compressive strength

According to GB/T 50107-2010 standard for test methods, the compressive strength test was

conducted by YAW-300 pressure tester, and the specimens with curing ages of 28d and 90d were

tested respectively. The loading speed is 0.5MPa/s, three specimens were tested in per group, and

the compressive strength is the mean value of the three specimens.

IIt Rapid chloride penetration

According to GB/T 50082-2009 standard for test methods, the RCM method was used to test

the chloride ion diffusion coefficient of each specimen, and the test process was conducted in

accordance with GB/T 50082-2009. Rapid chloride ion penetration test specimen size of ®100
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Mmx50 mm (three ®100mmx*50mm specimens are cut out from the middle of ®100mmx200mm),

chloride ion diffusion coefficient D calculation is shown in Equation 3:

~0.0239x(273+T)L
(u2)t

(Xg-0.0238 |20 ?)

D
Where: U—absolute value of the voltage used /V;
T—Mean value of initial temperature and end temperature of anode solution /°C,
X¢—Mean value of chloride ion penetration depth. Ten penetration depths were measured
at equal distances and accurate to 0.1mm;
t—Test duration /h.
IV: Freeze-thaw cycles
In order to explore the effect of SRA on the durability of AACGS concrete, the freeze-thaw
test was conducted by water freezing and salt freezing, and 5% NaCl was used in the salt freezing
test. According to GB/T 50082-2009 standard for test methods, After the specimens under standard
curing for 24d were taken out, then immersed in water for 4d. The freeze-thaw cycles were carried
out by water freezing and salt freezing respectively. The mass and relative dynamic elastic modulus
of the specimens were tested per 25 freeze-thaw cycles. Take the relative dynamic elastic modulus
loss rate and mass loss rate as the evaluation criteria, the relative dynamic elastic modulus AP and
mass loss rate Aw of a single specimen is calculated as shown in Equations 4 and 5:
AP=(f7 = )/ f5*100% @
Aw=(Wo-Wn)/Wox100% (5)
Where: fo—The initial transverse fundamental frequency of concrete specimen before freeze-thaw

cycles test /Hz;

f-—The transverse fundamental frequency of concrete specimen after n freeze-thaw cycles
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wo—Mass of concrete test block before freeze-thaw cycles test/g;

wnr—Mass of concrete test block after n freeze-thaw cycles test/g;

V: Sulfate attack

According to GB/T 50082-2009 standard for test methods, 5% Na,SO4 solution was used for

sulfate attack, and AACGS concrete with curing age of 28d was fully immersed in Na SO4 solution

for 90d, and specimens of the same batch were immersed in water for 90 days. The compressive

strength of AACGS concrete after sulfate attack and water immersion for 90 days was tested, and

the compressive strength loss rate was taken as the test result of sulfate attack [35]. Compressive

strength loss rate AC is calculated as Equation 6:

AC=(Cu-Cs)/Cyx100% (6)

Where: Cs—Compressive strength after 90 days of sulfate attack /MPa;

Cw—Compressive strength after water immersion for 90 days /MPa.

VE MIP testing

Specimens for curing for 28 days were broken and cored by hammering method, and about 25

pieces of 1cm-2cm blocks were taken from per group. Then isopropanol was used to terminate

hydration and low-temperature vacuum drying was performed for 24h. Using AutoPore IV

automatic mercury porosimeter, continuous mercury entry (contact angle and surface tensions are

130° and 485 dynes/cm, respectively). The pore diameter distribution curve of mortar specimens

was obtained by changing the injection pressure.

VI SEM testing

In order to explore the effect of SRA on the internal structure of AACGS concrete and the
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bonding interface between AACGS mortar and CCGCA, the core (bonding interface between

AACGS mortar and CCGCA, sampling contains both mortar and part of the coal gangue particles)

was taken from the concrete after curing for 28 days (about 1-2cm), and the hydration was stopped

by using isopropanol, and then dried in a low-temperature vacuum for 24 hours. The field emission

scanning electron microscope of Hitachi SU8010 was used for observation. The specimen surface

was sputtered with gold-plated palladium before imaging, and then the surface morphology of the

broken specimen was observed by SEM.

3 Test results analysis

3.1 Drying shrinkage of AACGS mortar

Fig.3 shows the drying shrinkage test results of AACGS mortar, and Fig.3(a) is the drying

shrinkage value. Compared with SRA-0 specimen, when SRA dosage is 1%, 2% and 3%, the drying

shrinkage of AACGS mortar decreases by 26.01%, 39.66% and 47.50%, respectively. Obviously,

the drying shrinkage of AACGS mortar decreases with the increase of SRA dosage. When the SRA

dosage was 3%, the drying shrinkage decreased by 47.50%, which was similar to the experimental

results of Palacios et al [22, 30]. Fig.3(b) is the result of mass loss, showing that at the initial stage

of drying shrinkage of AACGS mortar specimens, the mass loss rate of specimens increases with

SRA dosage, and the SRA dosage has no significant effect on the mass loss rate. Furthermore,

Comparing Fig.3 (a) and (b), there is no significant relationship between drying shrinkage and mass

loss rate. The effect of SRA on inhibiting drying shrinkage of AACGS mortar is not directly related

to water loss.
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Fig.3 Effect of SRA on drying shrinkage and mass of AACGS mortar

3.2 Compressive strength analysis

The compressive strength of concrete is associated with the strength of the mortar matrix, the

coarse aggregate and the bonding strength of mortar matrix-coarse aggregate [36,37]. Table 5 shows

the compressive strength results of AACGS concrete. The compressive strength decreases with the

increase of SRA dosage. Compared with the C-SRA-0 specimen, the 28d compressive strength of

AACGS concrete decreased by 3.38%, 4.49% and 6.73% when SRA were added 1%, 2% and 3%,

respectively, mainly due to SRA hindered the early polymerization process of AACGS materials. It

was found that the compressive strength of 90d of each AACGS concrete specimens was differed

by less than 3%, which indicated that SRA had little effect on the 90d compressive strength of

concrete.

Furthermore, the compressive strength of AACGS concrete decreases with the increase of the

content of CCGCA. When the content of CCGCA is 30%-50%, the compressive strength of mixed

SRA concrete specimens is greater than that of unmixed SRA concrete specimens. Under the same

content of CCGCA, the difference between specimens is only reflected in the bond strength between

the AACGS mortar matrix-CCGCA, indicating that the addition of SRA can enhance the bond

strength between AACGS mortar matrix-CCGCA. The compressive strength of 90d showed that
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the AACGS concrete mixed with SRA specimens were stronger than that of 28d. In general, the

addition of SRA reduced the short-term compressive strength of AACGS concrete, while it had little

effect on the 90d compressive strength of AACGS concrete. Moreover, the addition of SRA

enhanced the bond strength of AACGS mortar matrix-CCGCA.

Table 5 The compressive strength of AACGS concrete

No. Compressive strength No. Compressive strength
28d/MPa 90d/MPa 28d/MPa 90d/MPa
C-SRA-0 62.12 66.80 CG70 55.10 55.30
C-SRA-1 60.02 65.99 CG100 49.33 48.70
C-SRA-2 59.33 65.42 CG30-SRA 58.08 60.06
C-SRA-3 57.94 64.81 CG50-SRA 57.76 58.78
CG30 58.37 59.28 CG70-SRA 56.37 56.49
CG50 57.65 57.83 CG100-SRA 51.27 51.44

3.3 Rapid chloride penetration analysis

Fig.4 shows the chloride ion diffusion coefficient of AACGS concrete, and Fig.4(a) is the SRA

dosage factor. Obviously, the chloride ion diffusion coefficient of AACGS concrete with 3% SRA

dosage is the highest without the addition of CCGCA, and the addition of SRA generally increases

the diffusion coefficient of chloride ions. However, the chloride ion diffusion coefficient of the four

specimens were around 3.05x1012m?s, showing no significant difference. Fig.4(b) shows the

factors of CCGCA content. When the content of CCGCA is 0%, 30%, 50%, 70% and 100%, the

chlorine ion diffusion coefficient decreases by -1.45%, -0.39%, 0.71%, 6.19% and 21.55%

respectively after the addition of SRA. When the content of CCGCA is more than 50%, the

improvement effect of adding SRA becomes more obvious. The main reason is that the active

ingredients SiO; and Al,O3 in calcined coal gangue are the same as that in calcined coal gangue

powder, which also participates in the alkali-activated reaction process, thus enhancing the interface

bite force between AACGS mortar and CCGCA. The addition of SRA reduced the shrinkage of

AACGS mortar, which effectively improved the pore structure of the bonding interface of AACGS
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Fig.4 Chlorine ion diffusion coefficient of AACGS concrete

3.4 Freeze-thaw cycles analysis

3.4.1Water freeze-thaw cycles

Frost resistance test is an important index to evaluate concrete durability [38]. Fig.5 shows the

water freeze-thaw cycles test results of AACGS concrete with different SRA dosages. It’s obvious

that the dynamic elastic modulus of AACGS concrete unmixed SRA is lower than 60% after 200

freeze-thaw cycles, and the frost resistance grade is less than F200. When mixed with SRA, AACGS

concrete has more than 200 freeze-thaw cycles, and the frost resistance grade is over F200.

Furthermore, the frost resistance durability of AACGS concrete was enhanced with the increasing

SRA dosage. Fig.5(b) shows that mass loss rate gradually increases when the freeze-thaw cycles

increase. Additionally, the mass loss rate of AACGS concrete decreased with the increase of SRA

dosage. In comparison with C-SRA-0 specimen, the mass loss rate of 1%, 2% and 3% of SRA

dosage decreased by 18.90%, 27.05% and 34.54% respectively after 200 freeze-thaw cycles.

Fig.6 shows the results of water freeze-thaw cycles test of AACGS concrete under different

CCGCA contents. Fig.6(a) is the results of relative dynamic elastic modulus. Under the condition

of the same proportion of CCGCA, AACGS concrete mixed with SRA has better frost resistance.
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When the content of CCGCA is 30%, AACGS concrete unmixed SRA will be damaged after 150

freeze-thaw cycles. However, the freeze-thaw cycle can exceed 175 cycles after the addition of SRA.

When the content of CCGCA exceeds 30%, compared with AACGS concrete unmixed SRA, the

freeze-thaw cycle of AACGS concrete mixed with SRA increased by at least 50 cycles. Fig.6(b)

shows the mass loss rate results. The test results show the same variation rule as the relative dynamic

elastic modulus loss. Under the condition of the same freeze-thaw cycles and the content of CCGCA,

the mass loss rate of AACGS concrete mixed with SRA is lower.
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Fig.5 Results of water freeze-thaw cycles test of AACGS concrete with different SRA dosages
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Fig.6 Results of water freeze-thaw cycles test of AACGS concrete with different CCGCA contents

3.4.2 Salt freeze-thaw cycles

In the actual environment, concrete is often damaged by the combined action of freeze-thaw
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cycles and salt erosion. Salt freeze-thaw is more common than water freeze-thaw, and salt freeze-
thaw is the main factor which can cause the destruction of concrete [39]. Fig.7 shows the results of
salt freeze-thaw cycles test AACGS concrete under different SRA dosages, and the overall
performance is the same as that of water freeze-thaw cycles. Under the action of salt freeze-thaw,
AACGS concrete has fewer freeze-thaw cycles and lower frost resistance grade. AACGS concrete
unmixed SRA has a frost resistance grade of F125, while AACGS concrete mixed with SRA has a
frost resistance grade of more than F125. Moreover, even AACGS concrete mixed with 3% SRA
has a frost resistance grade of more than F150. In comparison with the mass loss rate under water
freeze-thaw cycles, the mass loss rate under salt freeze-thaw cycles is greater.

Fig.8 shows the results of salt freeze-thaw cycles of AACGS concrete under different CCGCA
contents, all of which demonstrate that the anti-salt freeze-thaw durability of AACGS concrete
becomes worse with the content of CCGCA increases. The effect law of SRA on AACGS concrete
is the same as that under water freeze-thaw conditions. Under the condition of salt freeze-thaw
cycles, AACGS concrete mixed with SRA obtains 25 more freeze-thaw cycles than that of AACGS
concrete unmixed SRA, revealing excellent anti-salt freeze-thaw durability. Fig.8(b) shows the
result of mass loss rate. Under the same content of CCGCA and salt freeze-thaw cycles, the mass

loss rate of AACGS concrete mixed with SRA becomes lower.
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Fig.7 Results of salt freeze-thaw cycles test of AACGS concrete with different SRA dosages
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Fig.8 Results of salt freeze-thaw cycles test of AACGS concrete with different CCGCA contents

3.5 Sulfate attack analysis

Ismall et al. [40] attacked the alkali-activated slag-fly ash binary polymer in 5% Na;SO4

solution for 90 days, finding that alkali-activated slag-fly ash had almost no damage, and the

structure of polymerization product C-A-S-H of the alkali-activated slag-fly ash exposed to Na2SO4

was basically intact. Tang et al. [41] found that replacing Portland cement with coal gangue has a

positive effect on the sulfate resistance of cement. Fig.9 shows the results of the sulfate resistance

test of AACGS concrete, and Fig.9(a) shows the results of the SRA dosages. The compressive

strength of AACGS concrete decreases after being attack in 5% Na;SOa solution for 90d when

unmixed SRA. After the addition of SRA, the compressive strength of AACGS concrete increased

after being attack in 5% Na;SO4 solution for 90d. In addition, the higher the SRA dosage, the greater

the increase of compressive strength. The main reason is that the addition of SRA slows down the

early polymerization process of AACGS concrete, and the larger the SRA dosage, the stronger the

inhibition effect, causing much unreacted coal gangue and slag particles are encased in the

precipitated cementitious phase. After soaking AACGS concrete in 5% Na>SO. solution, Na;SO4

solution can be used as a salt activator to continue to promote the polymerization of AACGS pastes
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[42], contributing to an increase in the compressive strength of AACGS after the attack of Na,SO4

solution.

Fig.9(b) shows the results of CCGCA content. It can be clearly seen that the addition of

CCGCA is beneficial to the sulfate resistance of AACGS concrete, and the sulfate resistance of the

same content CCGCA is stronger after the addition of SRA. The AACGS concrete specimen mixed

with SRA is strengthened with increasing content of CCGCA, which is mainly due to the subsequent

reaction of salt excited AACGS enhances the bond strength of AACGS mortar-CCGCA.

Furthermore, without the addition of SRA, after 90 days of sulfate attack, the compressive strength

loss rate tends to be stable when the content of CCGCA is greater than 50%. When mixed 3% SRA,

the large content of CCGCA still shows an advantage. However, the advantages become smaller.
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Fig.9 Results of sulfate attack test of AACGS concrete

3.6 MIP analysis

Previously, our research group found that the main reasons for the large drying shrinkage of

AACGS mortar were the filling of unreacted coal gangue and alkali solids. The collapse and

recombination of the gel resulted in the refinement of the pore size structure of mortar specimens,

which resulted in greater capillary tensile stress [16]. Fig.10 shows the MIP test results of AACGS

mortar specimens with different SRA dosages. Fig.10(a) is differential pore volume versus pore size
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diameter, and the aperture distribution curve represents the threshold radius. The size of the

threshold radius is located in the inflection point region after the horizontal part. Below this radius,

the invasion is relatively small. However, once the threshold radius is exceeded, the invasion will

start quickly [43]. With the increase of SRA dosage, the aperture distribution moves to the right and

the threshold radius increases. In addition, the steep slope in Fig.10(a) indicates the existence of a

large number of pores, showing that the pore diameter becomes coarser with the increasing SRA

dosage.

Fig.10(b) shows that the cumulative pore volume changes with the pore diameter. It’s obvious

that the large-pore pore volume of AACGS specimen increases significantly with the increase of

SRA dosage. Additionally, there existed little difference in the macroporous pore volume of the

specimens when the SRA dosage were 1% and 2%, while both were larger than that of the specimens

unmixed SRA. Table 6 shows the pore structure characteristics of AACGS mortar. Obviously, the

median diameter and average diameter of mortar specimens increase with the increase of SRA

dosage. However, the porosity of overall mortar specimens shows no significant difference. Through

carrying out MIP data analysis, it was found that SRA-0 specimen had more pores of 2nm-10nm,

while SRA-3 specimen had more pores of 10nm-20nm, which may also be an important reason for

the decrease of compressive strength after the addition of SRA [44].
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Fig.10 MIP test results of AACGS mortar specimens with different SRA dosage
Table 6 Pore structure characteristics of AACGS mortar

Parameter SRA-0 SRA-1 SRA-2 SRA-3
Median pore diameter/\olume(nm) 11.6 17.3 19.7 22.7
Average pore diameter/(4V/A)(nm) 10.7 13.6 14.0 16.9
Porosity 17.22% 17.63% 17.48% 17.92%

3.7 SEM analysis

The photos obtained by SEM belong to grayscale images. Since the mixing ratio of AACGS

cementitious matrix is the same, the differences of SEM photos of each specimen cannot be

quantitatively represented. The fractal dimension can stand for the complexity and roughness of the

fractal body, and the larger the fractal dimension, the more complex and rougher the fractal body

will be [45]. The rougher and more complex the structure is, the more uneven the pore diameter

distribution is, and the larger the fractal dimension is. On the contrary, the simpler the structure is,

the more uniform the pore diameter distribution is, and the smaller the fractal dimension is. In the

present study, the box dimensions of SEM photos of each specimen are calculated based on Matlab

programming. The abscissa is the box dimension, the ordinate is the box humber, and the negative

value of slope represents the fractal dimension (box dimension). Fig.11 is SEM photos and box

dimension calculations of specimens with different SRA dosages. Box dimension values at 0%, 1%,

2% and 3% SRA dosages are 1.693, 1.746, 1.767 and 1.809, separately. That is, the fractal dimension

increases with the increase of SRA dosage, indicating that the pore diameter distribution of the

specimen structure is more uneven, and the analysis result is the same as that of MIP analysis results.

Through analyzing the SEM photos of each specimen in Fig.11, it can be found that there are

obvious micro-cracks in SRA-0 specimen. Nevertheless, the micro-cracks width is much smaller

than SRA-0 specimen after the addition of SRA. Fractal dimension can not only quantitatively

describe the microstructure of different specimens, but also has a good correlation with compressive
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strength. Fig.12 shows the relationship between the compressive strength of AACGS concrete and

the box dimension. In addition, the compressive strength of AACGS concrete shows a linear

attenuation trend when fractal dimension value increases.

Fig.13 shows SEM photos of AACGS concrete after 0 and 100 freeze-thaw cycles. According

to Fig.13(a) and Fig.13(c), micro-cracks in AACGS concrete can be obviously found in specimens

unmixed SRA, but no cracks can be found after the addition of SRA. Moreover, compared with the

two photos, it is obvious that the ITZ is more compact after the addition of SRA. Fig.13(b) and

Fig.13(d) are SEM photos after 100 freeze-thaw cycles. The aggregate morphology in AACGS

concrete remains unchanged, and the most fragile place is the bonding interface between the mortar

matrix-coarse aggregate after the occurrence of mortar shrinkage. The bonding surface of mortar

matrix-coarse aggregate belongs to the weak area, compared with mixing 3% SRA specimens, the

width of micro-cracks will be much larger at the bonding surface of mortar matrix-coarse aggregate

of specimens unmixed SRA during freeze-thaw. The freeze-thaw damage in the AACGS concrete

specimens mixed with SRA was more uniform, and microcracks appeared on both the mortar matrix

and the matrix-coarse aggregate bonding surface, and the crack width was smaller than the single

crack width in Fig.13(b). It’s obvious that the specimens unmixed SRA show macroscopic cracks

in ITZ, the width of which can reach up to 9um at most. Compared with SEM photos of specimens

with SRA, no obvious wide cracks are found in ITZ. In other words, the addition of SRA can

significantly enhance the interfacial bond strength of AACGS mortar and CCGCA, showing

stronger resistance to freeze-thaw damage.



OCoO~NOUITAWNE

441
442

443
444

447

Number of boxes

®m  Calculated value
—— Fitting curve

InC=-1.693In$+0.211
R*=0.999

(a) SRA-0
12 ¢

10 -
C-(A)-S-H gels

e}
T

Number of boxes

-4 -3 -2 1 0

Box dimension

m  Calculated value
Fitting curve

InC=-1.746InS-0.413

12

[N
o

Number of boxes
oo

-4 3 2 1 0
Box dimension

m  Calculated value
Fitting curve

InC=-1.767InS+0.155
R*=0.999

Number of boxes

-4 -3 -2 -1 0
Box dimension

®m  Calculated value
—— Fitting curve

InC=-1.809InS+0.092
R’=0.999

Box dimension



OCoO~NOUITAWNE

448
449

450
451

452

455

456
457

458

(d) SRA-3
Fig.11 SEM photos and counting box dimension of specimens with different SRA dosages
62.5

62.0

o

=

3
1

y=-36.058x+123.089
R*=0.996

o

=

o
1

oy

bt

wn
1

a1

©

ul
1

Compressive strength/MPa
al (2]
© o
o o
1 1

a1

oo

ul
1

58.0 |-

575 M 1 M 1 M 1 M 1 M 1 M 1 M J
1.68 1.70 1.72 1.74 1.76 1.78 1.80 1.82

Box dimension
Fig.12 The relationship between the compressive strength of AACGS concrete and the box
dimension

-

Calcined’coal gangue

= C(A¥SH odls” &
N-AdS-i-L gely s s

= .1001131.‘ i s B

(c) SRA, 0 freeze-thaw cycles (d) SRA, 100 freeze-thaw cycles
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4 Discussion and action mechanism analysis
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4.1 Action mechanism analysis of SRA

SRA has a great effect on the polymerization reaction of AACGS mortar. SRA has a strong

adsorption effect and forms a strong "organic molecular film" at the water-solid interface, resulting

in a reduction in the interfacial energy between the coal gangue-slag particle polymer during the

polycondensation process, which hinders the polycondensation process. That is to say, the

concentration of alkali ions in the pores of AACGS specimens decreased after the addition of SRA,

which reduced the polymerization rate of AACGS pastes in the early stage and led to the decrease

of its early strength. With increasing curing age, the alkali environment in the solid still exists, which

continues to promote the depolymerization and polycondensation of unreacted slag and coal gangue

particles to form stable gelled phase skeleton.

Liu et al. [46] tested the surface tension values of distilled water and distilled water mixed with

1% and 2% SRA, and the test values were 72.3mN/m, 40.6mN/m and 33.8mN/m, respectively,

finding that the surface tension values in the mortars pore were lower. Yao et al. [42] reported that

higher OH-concentrations promoted the reduction of pore surface tension by SRA. The addition of

SRA reduces the polarity of the mixed water, and reduces the affinity of alkali or salt to dissolve

and ionize in the mixed water [47]. As a kind of chemical organic solvent, SRA significantly reduces

the shrinkage stress caused by capillary water loss during drying, self-drying or curing by reducing

the surface tension of pore solution inside concrete, which is also the mechanism provided by all

researchers who study SRA to reduce shrinkage [48-50].

Bentz et al. [23] found SRA caused the less evaporation, reduced settlement tension and lower

crack inducing stresses at the topmost layer of the mortar. Through carrying out the analysis of the

pore structure of the mortar specimens, it was found that the addition of SRA did not significantly
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affect the overall porosity of the specimens. However, it significantly increased the median pore

size and average pore size of the mortar specimens. Furthermore, based on the MIP curve analysis,

the volume of small pores (2nm-10nm) in specimen SRA-0 was significantly larger. In addition to

pore shrinkage and deformation, pore reduction is mainly caused by the collapse and recombination

of the gel phase during AACGS polymerization. In fact, the capillary tension stress and pore

compression deformation are reduced when SRA dosage increases. Palacios et al. [22] tested the

effect of SRA on the hydration heat of alkali-activated slag, finding that the addition of SRA

significantly prolonged the hydration induction period, and the large amount of precipitation of the

reaction product lasted a long time. SRA acts on the interior of AACGS mortar, resulting in more

uniform precipitation and accumulation of the generated products, which can thus reduce the

collapse and reorganization of the gelled phase during the curing process, maintain the internal

structure relatively stable, and reduce the generation of internal microcracks. In summary, the action

mechanism of SRA is a comprehensive effect of reducing pore solution surface tension, reducing

the collapse and reorganization of the gelled phase, recombination, and coarsening pore structure.

4.2 Analysis of the effect of SRA on the durability of AACGS concrete

The micro-cracks caused by the shrinkage of AACGS are not conducive to the durability of

concrete structures. The test results prove that the larger the SRA dosage, the more effective the

reduction of shrinkage rate will be. When the concrete used in the test is cured under standard curing

conditions, the shrinkage rate will be reduced even more, which can significantly reduce the number

and width of micro-cracks generated by the internal shrinkage of AACGS concrete. Different from

the compressive strength of concrete, the durability is only associated with the characteristics of

mortar and the bonding strength between mortar-coarse aggregate. According to SEM photos, the
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addition of SRA could significantly enhance the ITZ bonding strength of AACGS mortar and

CCGCA. The main reason is that the addition of SRA reduces the shrinkage of AACGS mortar. The

ITZ between AACGS mortar-CCGCA serves as the weak surface inside the concrete, the shrinkage

tension of ITZ is greatly reduced during the curing process. Furthermore, the addition of SRA

reduces the early polymerization rate and greatly reduces the collapse and reorganization of the

early AACGS mortar, and made the binding of AACGS mortar-CCGCA denser.

The addition of SRA significantly improved the pore structure inside the concrete, and pores

with a pore diameter greater than 0.01um-10um increase. That is, under the action of the same

water expansion pressure, the expansion stress damage caused by small pore diameter is greater

than that caused by the large pore diameter. Consequently, the freeze-thaw damage will become

more serious. This is the main reason why adding SRA improves the anti-freeze durability of

AACGS concrete. Comparing Fig.13(b) and Fig.13(d), there are three main reasons why ITZ is

different: Firstly, SRA inhibits the shrinkage of AACGS mortar, which reduces the shrinkage stress

of the weak interface, and the bond of mortar matrix-coarse aggregate better during the curing

process. Secondly, the viscosity of the pore fluid containing SRA increases and the surface tension

decreases, resulting in a reduction in the drive transmission of water in the concrete during the

freeze-thaw process. As a result, the micro-cracks of the mortar in the concrete specimens mixed

with SRA will generate greater expansion stress in the pores during the freeze-thaw cycle. Thirdly,

in the process of freeze-thaw cycles, the freezing temperature of water in small pore size is lower.

As a result, the water in large pores freezes first. The ice expansion process squeezes the water

inside and disperses it to the nearby small unfrozen pores, resulting in a balance between the

pressure inside the large frozen pores and the pressure inside the small unfrozen pores. When the
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temperature reaches the freezing temperature of the small pores, the expansion stress caused by
water expansion leads to cracks in the perimeter expansion of the small pores, resulting in damage
to the concrete.

Pore distribution directly affects the resistance of concrete to chloride ion penetration. The
permeability coefficient of ordinary concrete is proportional to the square of the aperture radius and
to the first power of the total porosity [51-53]. The beneficial effect of SRA on chloride ion
penetration is related to the content of CCGCA. The addition of SRA increases the interface bond
between AACGS mortar and CCGCA as well as reduces the number of permeable chloride ions
along the bonding interface, and reducing the cracking potential during the curing, which is
beneficial to the chloride penetration resistance of concrete. Furthermore, it is found that the
chloride ion diffusion coefficients under different SRA dosages are not significantly different from
each other through Fig.4(a). That is to say, the non-uniform pore size distribution has little effect on
the chloride ion diffusion coefficient of AACGS concrete (without CCGCA). However, the content
of CCGCA has a greater impact on the chloride ion diffusion coefficient of AACGS concrete. After
mixing CCGCA, a large part of chlorine ion diffusion is carried out at the interface between mortar
and CCGCA. In other words, the coordination effect of SRA and CCGCA is mainly to enhance the
interface bond of AACGS mortar matrix-CCGCA, which greatly improved the permeability
resistance of AACGS concrete to chloride ions.

Criado et al. [54] found that SO can serve as an activator to promote the reaction of fly ash
to generate N-A-S-H gel and zeolite phase crystals. Compared with calcined coal gangue powder,
slag has stronger activity, which can be considered as a nearly complete reaction in alkali-activated

reaction. As a result, the interior of AACGS is in low or no calcium state, resulting in very few AFt
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and other expansion substances. When SRA is mixed with concrete, the reaction rate in the early
stage of AACGS paste is reduced, resulting in more unreacted powder particles than the unmixed
SRA specimens. When soaked in 5% Na,SO4 solution, SO3™ can activate the unreacted coal gangue
powder inside, causing an increase in its compressive strength.
5 Conclusions

Based on the above experimental results and action mechanism, the following concluding
remarks can be drawn:
(a) The addition of SRA can significantly reduce the drying shrinkage of AACGS mortar, and the
drying shrinkage decreases by 47.50% when the SRA dosage is 3%. However, the effect of SRA on
the inhibition of drying shrinkage of AACGS mortar is not directly associated with water loss.
(b) The addition of SRA reduced the 28d compressive strength of AACGS concrete, yet did not
cause substantial changes in the 90d compressive strength. Furthermore, the addition of SRA
significantly improved the anti-freeze durability and sulfate attack resistance (90d testing) of
AACGS concrete. With the increase of CCGCA content, the improvement effect of SRA on chloride
ion penetration resistance of concrete is more obvious.
(c) The addition of SRA reduced the concentration of alkali ions in the pore solution of AACGS
concrete, which reduced the polymerization rate of AACGS paste in the early stage. Besides, SRA
did not significantly affect the overall porosity of the specimens, but significantly increased the
median pore sizes and average pore sizes of the mortar specimens. SRA acts on the interior of
AACGS mortar, resulting in more uniform precipitation and accumulation of the generated products,
which can thus reduce the collapse and reorganization of the gel phase during the curing process,

keep the internal structure relatively stable, and reduce the generation of internal micro-cracks.
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(d) The fractal dimension can be used to quantitatively describe the microstructure of different

specimens, and the compressive strength of AACGS concrete shows a negative linear correlation

with the increasing fractal dimension.

(e) SRA improves the durability of AACGS concrete through improving the internal pore structure

of concrete and increasing the bonding performance of AACGS mortar and CCGCA. In general,

the addition of SRA results in the change of internal pore size distribution, reaction rate and

interfacial bonding strength of AACGS concrete.
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