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ABSTRACT  

The cascade grinding technology was used to product cementitious materials with hot steaming steel slag (SS), iron ore tailings (IOT), granulated 

blast furnace slag (GBFS), cement clinker (CC) and flue gas desulfurization gypsum (FGDG). The effect of SS on the mechanical properties and 

autogenous shrinkage of railway sleeper concrete and the mechanism of SS inhibiting the autogenous shrinkage of railway sleeper concrete were 

studied by means of X-ray diffraction (XRD), flourier transform-infrared spectroscopy (FT-IR), and scanning electron microscope (SEM). The 

results show that the compressive strength of IOT railway sleeper concrete mixed with SS (SIRSC) is lower than that of IOT railway sleeper con-

crete unmixed with SS (UIRSC) at the same age. However autogenous shrinkage of SIRSC is significantly lower than that of UIRSC, autogenous 

shrinkage value of SIRSC at 28 d was 230×10-6, while that of UIRSC was 593×10-6. The hydration mechanism analysis shows that the hydration 

expansion of a small amount of inert f-CaO and f-MgO phase contained in the SS is the main expansion source to restrain the autogenous shrinkage 

of SIRSC. The f-CaO and f-MgO phases are highly dispersed after superfine grinding SS is mixed with concrete. In the middle and later stage of 

concrete hardening, the synergistic growth of ettringite (AFt) and C-S-H gels inhibits the autogenous shrinkage of SIRSC and improves the me-

chanical properties. 
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Steel Slag (SS) is a main solid waste in the iron and steel industry, 

and its treatment technologies include the hot-SS splashing method, 

the air-granulation method, the drum-type method, the granulation 

wheel method, and the tank-type hot-SS disintegrating method, etc. 

[1]. Due to SS’s characteristics of poor stability, high rigidity, and 

hard-to-break, its utilization rate has been relatively low for a long 

time [2]. The tank-type hot-SS disintegrating technique makes use of 

the uneven cold shrinkage of liquid hot-SS when it meets cold water to 

disintegrate the large chunks of SS, in the disintegrated SS particles, 

particles with a particle size of less than 20 mm account for more than 

60%, and the contents of free calcium oxide (f-CaO) and free magnesi-

um oxide (f-MgO) in the SS are both less than 2%, and this can im-

prove the stability of SS and promote its utilization in the field of 

building materials. Teng et al [3] studied the effects of superfine 

ground SS on the durability and mechanical properties of SS cement-

ing material, and found that the ground SS can accelerate the hydration 

reaction of the system. Wang et al. [4-6] studied the effect of high-

temperature curing on the early hydration characteristics of SS ce-

menting material, and found that the hydration reaction of SS and the 

generation of hydration products of SS had been both accelerated at 

high temperatures, and the pore structure of the cementing material 

had been optimized. Takashima [7] excited SS at high temperatures 

(800~1450 oC) so that the γ-C2S (low gelation performance) in SS 

could be transformed into α-C2S or α'-C2S (high gelation perfor-

mance), and the SS contained more α-C2S or α'-C2S after quenching. 

Such modified SS can be used as highly active admixture in the con-

crete and cement of architectural engineering projects. 

Autogenous shrinkage of concrete refers to the phenomenon that 

under constant temperature and humidity, since the free water in the 

pores is continuously consumed by the hydrating cementing material 

and the internal humidity is reduced, and thus causing the volume 

shrinkage of the concrete. The autogenous shrinkage of concrete has 

become an important problem to be solved urgently in the production 

and application of high-performance concrete [8]. Lepage et al. [9] 

found that high-performance concrete with low water-binder ratio will 

self-dry with the hydration process, resulting in certain autogenous 

shrinkage of concrete in the early stage, and the incorporation of ultra-

fine mineral admixtures will cause the concrete to shrink even more 

[10]. Railway sleeper concrete (RSC) is a kind of prestressed concrete, 

due to its large ratio of autogenous shrinkage, large prestress loss will 

be generated, and it’ll affect the safety of the sleepers [11]. Zheng et 

al. [12] used iron ore tailings (IOT) to prepare coarse aggregate-free 

RSC, which has become an important direction in the field of high-

performance concrete. This kind of concrete is prepared from iron ore 

tailings (IOT), granulated blast furnace slag (GBFS), cement clinker 

(CC), and fuel gas desulfurized gypsum (FGDG), and grinding IOT 

was used as the aggregates of the concrete. Since coarse aggregate was 

not used in the concrete, the ratio of autogenous shrinkage of the con-
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crete was relatively large. Aiming at the problem of large ratio of au-

togenous shrinkage of the IOT railway sleeper concrete (IRSC), this 

study adopts the method of incorporating SS powder to study its effect 

on suppressing the autogenous shrinkage of IRSC, and it applies X-ray 

diffraction (XRD), flourier transform-infrared spectroscopy (FT-IR), 

and scanning electron microscope (SEM) and other test methods to 

analyze the mechanism of the effect of SS on suppressing the autoge-

nous shrinkage of IRSC, which is of great significance for solving the 

excessive ratio of autogenous shrinkage of the coarse aggregate-free 

IOT concrete and the resulted prestress loss of railway sleeper concrete 

(RSC).  

(1) SS. The main chemical components are listed in Table 1. SS with 

a particle size between 0.15 ~ 4.57 mm was adopted in the experiment. 

Its main mineral compositions are C2S, C3S, C2F, and RO phase (solid 

solutions of MgO, FeO, and MnO), as shown in Fig. 1. Due to the slow 

cooling rate of SS, the C2S and C3S in the slag are much less active 

than those in the CC; while for C2S, during the slow cooling process, 

the metastable β-C2S will turn to stable γ-C2S, and the C3S will turn to 

a stable state during the cooling process as well. The basicity coeffi-

cient of SS: M = W (CaO) / [W (SiO2) + W (P2O5)] = 2.78, which 

means the SS is high alkalinity slag (M>2.5). According to YB/T 140-

2009 Methods of Chemical Analysis for Steel Slag, with ethylene glycol 

as the extractant, the content of f-CaO was measured by the EDTA 

complexometric titration; in addition, the SO3 content was 0.42%. 

These numbers met the requirements listed in the GB/T20491-2006 

Steel Slag Powder Used for Cement and Concrete that the basicity 

should not be less than 1.8, the content of f-CaO should not be more 

than 3%, and the content of SO3 should not be more than 3%. Neither 

YB/T 140-2009 nor GB/T20491-2006 have stipulated the measurement 

or the content of free magnesium oxide (f-MgO), but it has a great im-

pact on the application of SS in the building materials, so this study 

took ammonium nitrate-ethanol as the extractant and the f-MgO con-

tent was determined to be 0.81%. 

(2) IOT. The chemical compositions are listed in Table 1. The con-

tent of SiO2 in the IOT reached 72.12% (mass fraction, the same be-

low), the IOT are high silicon content IOT, and their main mineral 

components are quartz with a small amount of hornblende, anorthite 

and chlorite, etc. In mass fraction, tailings with a particle size between 

0.074 mm and 0.16 mm were about 40.62%, and those with a particle 

size larger than 0.63 mm accounted for less than 1%, about 10.43% of 

the tailings have a particle size of less than 0.043 mm (see Table 2 for 

the size fraction of the IOT). 

(3) CC. The mineral compositions of CC are mainly C3S, C2S, C3A, 

and C4FA, its chemical compositions are listed in Table 1. 

(4) GBFS. The chemical compositions are listed in Table 1. Water-

quenched GBFS with a particle size between 0.1~0.5 mm was adopted. 

The slag has a low crystallinity and basically exhibits the glassy state. 

(5) FGDG. Thermal power plant FGDG was adopted, the contents of 

CaO and SO3 in the FGDG were relatively high, followed by SiO2, 

MgO and Al2O3, the fineness (≥0.08 mm) is 16%, and its chemical 

compositions are shown in Table 1. 

(6) Other materials. Crushed limestone was adopted for the coarse 

aggregates of the concrete; the particle size was 5~25 mm. Polycarbox-

ylic acid (PC) was adopted as the superplasticizer, its molecular struc-

ture is shown in Fig. 2. 

Two schemes shown below were adopted to pretreat the raw materi-

als and prepare the cementing materials. 

Firstly, the IOT was sieved; then according to the ratio of 20: 13: 13: 

4, IOT (particle size of -0.074 mm), GBFS, CC and FGDG were sub-

ject to gradient mixed grinding. The laboratory 5-kg type 

SMΦ500×500 small ball mill was adopted to grind the materials. The 

IOT were subject to the first-stage grinding and the ground IOT 

(specific surface area was 345 m2·kg-1) were mixed with the raw GBFS 

according to the original proportion and both were ground together; 

then the second-stage mixture (specific surface area was 540 m2·kg-1) 
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Figure 1. XRD spectra of SS 

 

 

 

Figure 2. Molecular structure of PC water-reducers 

 

 

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

Materials SiO2 Al2O3 Fe2O3 FeO MgO CaO f- CaO f- MgO Na2O K2O SO3 LOI 
SS 12.22 6.84 14.53 11.81 11.00 35.82 1.23 0.81 1.54 0.12 0.42 5.04 

IOT 72.12 3.04 12.62 3.44 1.13 2.96 — — 0.17 0.14 0.16 3.06 

GBFS 32.70 15.40 0.40 — 8.97 38.79 — — 0.02 0.35 1.93 0.76 

FGDG 3.16 1.35 0.47 0.09 7.49 33.38 — — 0.10 0.24 45.70 8.28 

CC 22.50 4.86 3.43 0.02 0.83 66.30 — — 0.11 0.08 0.31 0.96 

Table 2 Particle size distribution of IOT (wt.%) 

Material 
Particle size /mm 

+0.63 0.315~0.63 0.16~0.315 0.074~0.16 0.043~0.074 -0.043 
IOT 0.06 5.25 30.90 40.62 13.66 10.43 
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was obtained and again mixed with the CC and FGDG according to the 

original proportion and all materials were subject to the third-stage 

grinding, then the third-stage mixture (specific surface area was 652 

m2·kg-1) was obtained and taken as the Group-I cementitious materials 

for the RSC. 

The ground SS powder with a specific surface area of 624 m2·kg-1 

was mixed with the third-stage mixture (specific surface area was 652 

m2·kg-1) at a ratio of 1:4 to obtain Group-II cementitious materials for 

the RSC. 

IOT of original particle size (≥0.074mm) that were taken as the ag-

gregates were mixed with cementing materials I and II at a ratio of 1:1 

respectively, and the water-binder ratio was 0.23, moreover, superplas-

ticizer of 0.4% of the total cementitious materials I was added respec-

tively, wherein the IRSC prepared by cementitious materials Ⅰ was 

marked as UIRSC, and the IRSC prepared by cementitious materials Ⅱ 

was marked as SIRSC. 

After that, the cement slurry was fully stirred and injected into a 100 

mm×100 mm×100 mm mold for strength testing. At the same time, 

prism-shaped test pieces of the size 100 mm×100 mm×515 mm were 

prepared as well for the test of the autogenous shrinkage of the con-

crete. Copper measuring heads were embedded at both ends of the test 

pieces before the test. The curing conditions were the same as the pro-

duction of common RSC: after the test pieces were cast and stood for 4 

hours, within 3h the temperature was heated to 55 oC (the heating rate 

was not faster than 15 oC/h), and the test pieces were stood at (55±2) oC 

for 3 hours, and then the temperature was cooled to room temperature 

(the cooling rate was not faster than 15 oC/h). After the steam curing, 

the test pieces were demolded and cured under the standard curing 

conditions, and the mechanical properties and autogenous shrinkage of 

the different-stage concrete at 12 hours (demold time), 3 d, 7 d, 28 d, 

60 d, and 90 d were tested respectively. 

The particle size of the ground materials was analyzed by the MAS-

TER SIZER 2000 laser particle size analyzer (test range: 0.02~2000.00 

μm), with ethanol as the dispersant, the distribution of the particle size 

of the powder samples was tested according to GB/T19077.1-2008 the 

Particle Size Analysis-Laser Diffraction Methods; the specific surface 

area of the ground materials was measured by the SSA-3200 dynamic 

specific surface area analyzer; at the specified ages of 12h, 3d, 7d, 28d, 

60d, and 90d, according to GB/T50081-2002 Standard for Test Method 

of Mechanical Properties on Ordinary Concrete, the mechanical prop-

erties of the samples were tested; and according to GB/T50082-2009 

Standard for Test Methods of Long-Term Performance and Durability 

of Ordinary Concrete, the value of autogenous shrinkage of concrete 

was tested. 

In order to avoid the interference of the compositions of the tailings 

on the microscopic analysis after the addition of fine aggregates, pure 

slurry samples were prepared using the cementing materials for the 

microscopic test analysis. Rigaku D/MAX-RC 12KW target-turning 

anode diffractometer was adopted for the XRD analysis; NEXUS70 

Fourier infrared spectrometer was adopted for the infrared spectroscop-

ic analysis; and the ZEISS SUPRATM55 field emission scanning elec-

tron microscope (FE-SEM) was adopted for microstructure analysis. 

Effects of SS of different ages on the mechanical properties of the 

two groups of RSC are shown in Fig. 3. 

Fig. 3 compares the values of the compressive strength of two groups 

of RSC: SIRSC (SS added) and UIRSC (no SS added) at 12 h, 3 d, 7 d, 

28 d, 60 d, and 90 d under the same conditions. It can be seen that the 

values of the compressive strength of concrete with and without SS 

were not much different, and the laws of the development of strength 

were basically the same. 

For the RCS prepared by cementitious materials with and without 

SS, the 12 h compressive strength was 48.01 MPa and 45.98 MPa, 

respectively, both were larger than 45 MPa; the values of 3 d compres-

sive strength were both larger than 58 MPa and the values of 28 d com-

pressive strength were both larger than 80 MPa, these values can meet 

the strength requirements of RSC. The strength of SIRSC was slightly 

lower than that of UIRSC at the same age, it’s because the C3S (faster 

hydration in early stage) content added in the SS was smaller and the 

C2S (slower hydration) content was larger. The incorporation of SS 

powder slows down the early hydration rate of the concrete, and the 

larger the proportion of added SS powder, and slower the hydration rate 

of the concrete, and thus the values of the early compressive strength of 

the concrete (12h and 3d) are lower [13, 14]. In the Fig. 3, the differ-

ences between the 3 d and 28 d compressive strength of SIRSC and 

UIRSC were 25.63 MPa and 32.01 MPa, respectively, indicating that 

the incorporation of SS powder is conducive to the increase of the 
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Figure 3. The effect of mechanical properties of SS for IRSC 
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Figure 4. The effect of autogenous shrinkage of SS for IRSC 

 

 



   

115 

strength of the concrete in the later period. When the amount of SS 

powder is too large, the CC content in the mixture is reduced corre-

spondingly, so the amount of C-S-H gels is reduced, and thereby the 

strength of SIRSC is slightly lower than that of UIRSC at the same age 

[14]. 

The autogenous shrinkage of concrete is an important indicator for 

the volume stability of RSC. This paper tests the autogenous shrinkage 

of the concrete prepared by two groups of cementitious materials, and 

the changes of the autogenous shrinkage of SIRSC and UIRSC at 12 h, 

3 d, 7 d, 28 d, 60 d and 90 d are shown as Fig. 4. It can be seen from 

the Fig. 4 that as the concrete age increases, it can be clearly seen that 

the slope of the curve of autogenous shrinkage of SIRSC was lower, 

the trend of the entire curve was smooth; while for the curve of autoge-

nous shrinkage of UIRSC, the slope increased fast since 12 h, mean-

while for the SIRSC test pieces, the values of the autogenous shrinkage 

at each age were lower than those of ordinary RSC [15], indicating that 

the incorporation of SS powder has a very obvious effect on suppress-

ing the autogenous shrinkage of RSC. With the increase of the concrete 

age, the value of the autogenous shrinkage of UIRSC at 12 h was 

193×10-6, the value of the autogenous shrinkage at 28 d was 593×10-6, 

after that, the trend of the autogenous shrinkage of UIRSC was smooth 

and the change was slow. The value of autogenous shrinkage of SIRSC 

at 12h was 112×10-6, and the 28d value was 230×10-6, which was only 

39.18% of the shrinkage value of ordinary concrete at 28 d, indicating 

that the incorporation of SS powder can effectively reduce the autoge-

nous shrinkage of RSC. 

Fig. 5 is the XRD spectrum of SIRSC test pieces prepared by paste 

blocks after curing for 12 h, 3 d, 7 d, and 28 d. The main mineral phas-

es are quartz, ettringite (AFt), Ca (OH) 2, C2S, RO phase and gypsum. 

Quartz is a mineral component of IOT, and RO phase is a mineral 

component of SS, which does not participate in the hydration reaction. 

The diffraction peak of AFt began to appear at 12 h after pouring, then 

with the increase of curing age, the strength enhanced constantly, indi-

cating that the early hydration reaction had begun. The C2S and C3S in 

CC and activated SS reacted with FGDG to produce the AFt. Due to 

the fast hydration rate of C3S, the reaction was complete in the early 

stage of hydration, and no diffraction peak had appeared in the XRD 

spectrum. While for C2S, the hydration rate was relatively slow, so the 

diffraction peaks in the XRD spectrum at 12 h and 3 d were clearly 

visible. With the progress of the hydration reaction, the diffraction 

peaks of C2S gradually weakened, and the diffraction peaks of AFt 

gradually increased. At the early stage of hydration, the activated SS 

power and the C2S and C3S in CC reacted and generated hydration 

products Ca(OH)2 and C-S-H gels. At the same time, f-CaO in SS was 

hydrated to produce Ca(OH)2. The Ca(OH)2 produced in the early stage 

had a low crystallinity and the crystal grains were very tiny. The 

Ca(OH)2 reacted fast with the ultra-fine SS powder, the GBFS powder 

and the IOT particles in the system [16], and most of them were con-

sumed; but with the increase of the concrete age, in the system, the 

content of reactive SiO2 in the ultra-fine GBFS powder and the nano 

IOT particles decreased, and the rate of Ca(OH)2 generation is greater 

than the rate of consumption, resulting in accumulation of Ca(OH)2. 

With the increase of the age of hydration, the crystallinity of Ca(OH)2 

increased, the particle size grew larger, and the diffraction enhanced, 

causing volume expansion [17], and thereby resulting in that the dif-

fraction peak of Ca(OH)2 at 28d was enhanced. In the figure, a wide 

“convex hull” shaped background appeared between 25° and 35°, indi-

cating that in the hardened gelled materials, there were substances such 

as low-crystallinity or amorphous C-S-H gels. In the system, the gener-

ation of C-S-H gels mainly had two ways: the continued hydration of 

residual C2S and C3S, and the secondary pozzolanic reaction of the 

active silico-aluminum materials. Fig. 3 shows that the compressive 

strength of SIRSC increased by 87.82% from 12h to 28d, thereby it can 

be inferred that during the curing from 3 d to 28 d, a large amount of 

new hydration products C-S-H gels were generated in the process. 

Fig. 6 shows the comparison of the FT-IR spectra of the SIRSC paste 

blocks at 12 h, 3 d, 7 d, and 28 d; the graphs of test pieces of different 

ages were similar, basically showing the same characteristic absorption 

band, and all absorption peaks moved in the smaller wave number di-

rection. The absorption peak at 463 cm-1 was the bending vibration of 

the Si-O bond; the absorption peak at 790 cm-1 was the absorption vi-

bration of quartz. The absorption peak at 995 cm-1 was caused by the 

asymmetrical vibration of Si-O bond in the [SiO4] structure, it is the 

characteristic peak of C-S-H gels. The absorption band at 1425 cm-1 

was the asymmetrical stretching vibration band of CO3
2-, which might 

be caused due to the carbonization of the sample during the preparation 

process. The absorption band at 1650 cm-1 was the bending vibration of 

the O-H bond in the water. The band at 3437 cm-1 was the stretching 

vibration of the hydration product C-S-H gels, indicating that the hy-
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dration product C-S-H gels were continuously generated as the age 

increased. As can be seen from the figure, the absorption peak at 3642 

cm-1 which reflected the stretching vibration of the O-H bond is not 

obvious, this is because the hydroxyl groups in the AFt and C-S-H gels 

are not typical hydroxyl groups, they have no clear boundaries with the 

hydrogen bonds and molecular bonds in crystal water, so they are 

masked by the peak of the crystal water at 3437 cm-1. However, since 

the water in AFt is mostly crystal water, its absorption peak overlapped 

with the absorption peak of the constitution water of the C-S-H gels at 

3437 cm-1, showing a strong absorption peak. The strong absorption 

band at 1091 cm-1 was asymmetric stretching vibration of the S-O 

bond, and its vibration peak was strengthened and sharpened with the 

passing of the curing time. For test block that had been cured for 12 h, 

there was obvious absorption peak at 1091 cm-1, indicating that AFt 

had ready been generated after 12 h hydration; and after 3 d hydration, 

a reasonable quantity of AFt had been generated; it can be seen that the 

formation rate of Aft was quite fast, which is consistent with the XRD 

results shown in Fig. 3. 

Fig. 7 are FE-SEM images of the SIRSC paste block at 12 h, 3 d, 7 d, 

and 28 d. From Fig. 7(a), we can see the micro morphology of the hard-

ened paste sample when the gelled material had been hydrated for 12h. 

The main hydration products of the test block after steam curing were 

mainly low-crystallinity or amorphous C-S-H gels and a small amount 

of fibrous hydration product AFt, indicating that the test block had 

undergone certain hydration reaction in 12 h. The Ca2+ and Al3+ in CC, 

GBFS and SS reacted with the FGDG in the alkaline solution and pro-

duced the AFt, which was conducive to obtaining hardened gelled ma-

terials with higher structural strength, and the expansion performance 

of AFt can partially inhibit the autogenous shrinkage of the concrete 

[18, 19]. It can be seen from Fig. 7(b) that after 3 d hydration, a large 

amount of C-S-H gels and the needle-shaped AFt that overlapped with 

each other had been formed, the C-S-H gels and the AFt together con-

stituted a spatial network structure, which is conductive for the early-

stage strength of the test blocks. Compared with Fig. 7(a), the compact-

ness of the gel system had been significantly improved, and the in-

crease of the compactness of the C-S-H gel system had made the sur-

face of the unreacted larger SS and IOT particles be wrapped with hy-

dration products, while the f-CaO and f-MgO in the SS were slowly 

hydrated and produced Ca(OH)2 and Mg(OH)2, resulting in the shrink-

age characteristics of CC during the hydration process and the corre-

sponding volume expansion [20]. Fig.7(c) shows the paste block at 7 d, 

it can be seen that the amount of the needle-shaped AFt crystals with 

better morphology had further increased, they interlaced with each 

other and distributed among C-S-H gels, the gaps between large parti-

 

Figure 7. FE-SEM images of the SIRSC pure slurry test blocks at different ages. (a) cured for 12 h, (b) cured for 3 d, (c) cured for 7 d, (d) cured for 

28 d 
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cles were reduced, and the compactness of the sample was further im-

proved. Fig. 7(d) shows the paste block at 28d, the AFt crystals had 

been completely encapsulated and wrapped by the C-S-H gels. As the 

hydration products were produced in large amount, the C-S-H gels 

phase was generated continuously in the hydration process and filled in 

the gaps, so larger gaps were reduced and the structure of the slurry had 

become denser. Larger SS particles were also wrapped in the hydration 

products and cemented into a whole, thereby the mechanical properties 

of the hardened slurry sample had been improved. 

From the above tests and microscopic analysis results, it can be seen 

that the CC system had been mixed with powders of IOT, GBFS, SS, 

FGDG and other solid wastes that weighted 74% of the total amount, 

and the produced SIRSC cementitious materials has the characteristics 

of high activity and low shrinkage. The ultra-fine particle size and 

highly-dispersed SS fine powder have the dual functions of constant 

expansion to compensate for shrinkage, and continuous improving the 

strength of the concrete. 

Fig. 8 shows the mechanism of the hydration reaction of the SIRSC 

cementitious materials, and Fig. 9 gives a model for the hydration reac-

tion of the SIRSC cementitious materials. In the middle and late stages 

of concrete hardening, the synergistic formation of AFt and C-S-H gels 

in the system also played an important role in suppressing the autoge-

nous shrinkage and enhancing the strength of the SIRSC. There is a 

large amount of ultra-fine GBFS particles in the cementing system of 

coarse aggregate-free IOT concrete. GBFS are glassy materials con-

nected by a large number of [SiO4] and [AlO4]. The [SiO4] and [AlO4] 

were disorderly arranged; cations such as Ca2+ and Mg2+ were disorder-

ly distributed around the [SiO4] and [AlO4] to balance the charge. 

When the GBFS in the cementing material met water, under the polar-

izing action of OH-, the Si-O bond, Al-O bond, Ca-O bond and Mg-O 

bond on the surface of the glassy GBFS would break and dissolve into 

the water in the forms of (H2SiO4)
2-, (H3SiO4)

-, (H4AlO4)
- and 

Ca(Mg)2+. In the alkaline environment, the OH- in the solution can not 

only destroy the Ca-O and Mg-O bonds, but also can break a considera-

ble number of Si-O and Al-O bonds; while on the surface of the GBFS, 

hydration products were quickly formed by C-S-H, C-A-H and C-A-S-

H with lower Ca/Si ratios. Pozzolanic reaction also occurred on the 

surface of the low-crystallinity IOT and SS particles after their mechan-

ical properties had been chemically activated, the reaction consumed 

the Ca(OH)2 in the cementing material system, forming hydration prod-

ucts and further promoting the hydration of CC. When there’s gypsum 

in the system, the reaction shown in formula (1) would occur: 

 
AFt has a very low ion product (10-111.6) [23], so formula (1) has a 

strong reaction tendency in a system where gypsum, GBFS and 

Ca(OH)2 all exist. With the continuous formation of AFt, the dissolu-

tion balance of meta-aluminate between the surface of glassy GBFS 

and the solution was constantly broken, which had promoted the alumi-

num-oxygen tetrahedra to constantly migrate from the surface of the 

glassy GBFS, destroying the connection between the silicon-oxygen 

tetrahedra and the aluminum-oxygen tetrahedra, making the degree of 

polymerization of the silicon (aluminum)-oxygen tetrahedra on the 

surface of the glassy GBFS decrease rapidly; the activity of residual 

silicon-oxygen tetrahedra and aluminum-oxygen tetrahedra was greatly 

improved, and C-S-H gels were constantly formed in the concrete slur-

ry solution which was rich in Ca (Mg)2+. This type of reaction occurs 

not only on the surface of glassy GBFS particles, but also on the sur-

face of low-crystallinity tailings particles and SS particles after their 

mechanical properties had been chemically activated. Therefore, in the 

gelling system containing a large amount of solid waste fine powders 

such as IOT, GBFS, SS, and FGDG, there is a synergistic generation 

process of AFt and C-S-H gels, and the growth of AFt is an obvious 

volume expansion process [24]. The volume of hardened slurry ex-

panded due to the formation of ettringite, during this process, the solid 

phase volume of the ettringite increased due to the supplementation of 

external moisture, and the mutual repellent (under the condition of 

certain porosity) caused by the crystallization pressure of cross-growth 

of the crystals is the fundamental cause of the volume expansion, and 

the value of the volume expansion is related to the shape, quantity and 

formation time of AFt. The growth of C-S-H gels is often accompanied 

by the autogenous shrinkage of concrete [25], and the synergistic 

growth of AFt and C-S-H gels can greatly increase the strength of the 

concrete while reducing the autogenous shrinkage of the concrete. 

In the coarse aggregate-free concrete prepared by such cementi-

tious materials and raw grain-level IOT, the ratio of solid wastes in 

the concrete can reach 87%, and its value of concrete autogenous 

shrinkage at 28 d during the curing process is far less than that of com-

mon RSC, so it had solved the problem of RSC prestress loss caused by 

excessive autogenous shrinkage of coarse aggregate-free IRSC. 

(1) The addition of SS powder has a very significant effect on sup-

pressing the autogenous shrinkage of RSC. At the age of 12 h, the val-

ue of the concrete autogenous shrinkage was 112×10-6; at the age of 28 

2H3AlO4
2-+3Ca2++3CaSO4·2H2O+2OH-+22H2O 

                                         → 3CaO·Al2O3·3CaSO4·32H2O    
(1) 
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d, this value of the concrete test pieces was 230×10-6, which is signifi-

cantly lower than that of ordinary RSC. 

(2) Analysis of the hydration mechanism of the cementitious ma-

terials shows that a large amount of low-crystalline or amorphous C-

S-H gels and a small amount of fibrous hydration product AFt had been 

formed in the early hydration stage. AFt crystals were mostly distribut-

ed in the voids and gaps, making the structure of the test blocks denser, 

the C-S-H gels were filled between the unreacted particles, so the dis-

persed particles were cemented into a dense whole. With the increase 

of the hydration age, the interlaced fiber-shaped C-S-H gels gradually 

grew into amorphous shape, and then became a network structure. At 

the same time, a large number of slender needle-shaped AFt crystals 

had been completely encapsulated and gelled, thereby the density of the 

structure of the entire system had been ensured. 

(3) The hydration expansion of the f-CaO and f-MgO phases con-

tained in SS was the main source of expansion for suppressing the au-

togenous shrinkage of the RSC. In the middle and late stages of con-

crete hardening, the synergistic growth of AFt and C-S-H gels in the 

system played an important role in suppressing the autogenous shrink-

age and enhancing the strength of RSC in middle and later stages. 
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