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ABSTRACT

For utilize the solid waste synthetically, the cascade grinding technology was used to product cementitious materials with steel slag (SS), iron ore
tailings (IOT) and granulated blast furnace slag (GBFS). The effect of SS content and curing process on compressive strength of the high perfor-
mance concrete (HPC) were investigated, and the hydration products, microstructure and pore size distribution of hardened paste were studied by
X-ray diffraction (XRD), scanning electron microscope (SEM) and mercury intrusion method, and the hydration mechanism of cementitious mate-
rials mixed with SS was also discussed. The results show that, SS proportion has great influence on the compressive strength of HPC. The dormant
period is elongated during the hydration by the addition of large amounts of SS in the cementitious materials. Steam curing can effectively stimu-
late the activity of SS, and improve the early strength of cementitious materials. In the middle and later age of the hardening process, the coordinat-
ed growth of the ettringite (AFt) and C-S-H gels is significant for the strength. After mixed with SS, the proportion of harm hole increase. It is one

of the most important reason for strength decline of HPC.
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1. INTRODUCTION

At present, mineral admixtures have become an essential component
and functional material of the concrete technology. The use of such
materials in concrete can significantly reduce the CO, emissions of the
cement industry [1-3]. As the mineral admixture, the granulated blast
furnace slag (GBFS) and fly ash have been widely used in concrete
[4], so that they have gradually become scarce resources in many cit-
ies.

The iron and steel metallurgy industry is the economic foundation of
the country. With its continuous development, the related problems
such as resource development, energy consumption and pollutant
emissions have become increasingly serious. Steel slag (SS) is one of
the main solid wastes in the production process of the iron and steel
metallurgy industry, and its emissions are about 15-20% of crude steel
output [S]. China's annual steel slag production is about 80 million
tons, with a cumulative storage of about 500 million tons, while its
comprehensive utilization rate is only 22%. Now there are several
methods for comprehensive utilization of the SS at home and abroad,
e.g., the SS is used as metallurgical raw materials (sintered materials,
blast furnace flux, etc.), new building materials, and the ingredients of
glass-ceramics in the road engineering, environment and agriculture,
etc. However, it hasn’t been widely used in cement concrete. Wang et
al. [6] and Sun et al. [7] found in their study that the SS should be
taken as a mineral admixture, which is the most important way to
achieve the efficient use of SS resources in cement concrete. There-
fore, steel slag is a potential active mineral admixture.

The mineral compositions of SS include calcium aluminates calcium
silicates (C,S, C5S), (Ci2A7, C3A), RO phase (CaO-MgO-MnO-FeO
solid solution), calcium ferrites (C,F, C4AF), free CaO,free MgO,
Fe;04, and so on [8-13]. Similar to cement, Steel slag can react with
water, producing Ca(OH)2, C-S-A-H gel, C-A-H crystal, C-S-H gel,
and so on [13-15]. Thus, SS is considered as a supplemental cementi-
tious material [16-19]. At present, SS is mainly used as subgrade engi-
neering material, engineering backfilling materials and asphalt con-
crete aggregate. Less than 10% of the total amount are being applied to
cement concrete [20-26].

The SS has better potential activity under the excitation of flue gas
desulfurization gypsum (FGDG) [27-30]. For this, based on the re-
search on cement concrete cementitious materials, some researchers
have attempted to use the SS to replace or partially replace cement for
preparing cementitious materials [ 31].

The application of the SS with large stockpiles and wide distribution
shall lead to huge environmental and economic benefits. But when the
SS is used as cementitious material in concrete, its poor stability and
fluctuating composition can limit the application [32]. Therefore, this
paper aims to study the application of the SS as a mineral admixture in
concrete, focusing on its cementitious property and hydration charac-
teristics. For this, it first analyses the effects of the SS powder content
and the curing method on the compressive strength of the high perfor-
mance concrete (HPC). Then, X-ray diffraction (XRD), scanning elec-
tron microscope (SEM) and mercury intrusion method were used to
study the hydration products of SS-doped cementitious materials, mi-
crostructure of the hardened cement paste, and pore size distribution.
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The hydration mechanism of cementitious materials doped with the SS
was also discussed.

2. MATERIALS AND METHODS

2.1. Raw materials

The raw materials used in the test included the steel slag (SS), iron
ore tailings (IOT), GBFS, cement clinker (CC), flue gas desulfurization
gypsum (FGDG), and others.

(1) SS. The SS used was basic hot steaming steel slag which com-
plies with the Chinese National Standard GB/T 20451-2006. The chem-
ical compositions of steel are shown in Table 1. Table 1 shows that the
amount of CaO in the SS was approximately 40.03 %, and the level of
residual iron in the steel slag was approximately 14.81 %. According to
the method of the basicity calculation proposed by Mason [33], the
basicity of the SS used herein is 2.17. According to the particle size
distribution of the steel slag listed in Table 2, the particles within the
size range of 0.3~10 mm accounts for 82.03 % of the total, which
shows that SS need crushing before grinding.

(2) I0T. Chemical composition is shown in Table 1; the content of
SiO, in the IOT reaches 72.12% (mass fraction), as the high-silicon
IOT; the main mineral composition is quartz, with a small amount of
hornblende, anorthite and chlorite etc. The particle size of the tailings
with a mass fraction of about 40.62% is between 0.074 and 0.16mm,;
the particles with a particle size over 0.63mm occupies less than 1%,
and those below 0.043mm are 10.43%.

(3) GBFS. Water-quenched GBFS with a particle size of 0.1~0.5
mm, and a low crystallinity, basically in glassy state. The chemical
composition of GBFS is listed in Table 1.

(4) CC. The mineral phase composition of the CC used in the test is
mainly tricalcium silicate (C3S), dicalcium silicate (C,S), calcium alu-
minate (C;A), and calcium ferrite (C4,FA). Its chemical composition is
shown in Table 1.

(5) FGDG. 1t’s from the thermal power plant; the content of CaO and
SOs; is the most, followed by SiO,, MgO, and Al,O;; 16% of the com-

ponents have the fineness (=0.08 mm). The chemical composition

CH3 CH;

CH:—Cc-CH:—C

COONa" COO(CH:CH:0),CH;

m

Figure 1. Molecular structure of polycarboxylic acid water-reducers

analysis is shown in Table 1.

(6) Other raw materials. The coarse aggregate stones used in the
concrete preparation are limestone crushed stones with a particle size of
5~25 mm; the polycarboxylic acid (PC) superplasticizer is used, and its
molecular structure is shown in Fig. 1; the test used the tap water.

2.2. Test methods
2.2.1. Preparation of cementitious materials

The cementitious material is composed of ground SS powder and
basic cementitious materials (BCM). First, the mixed grinding was
made in steps on the raw materials such as the IOT (-0.074mm particle
size), GBFS, CC, and FGDG in a ratio of 21: 12: 12: 5 using the ball
mill, following the grinding sequence in Fig. 2 to obtain the BCM. By
grinding the SS separately for 90 minutes, the fine SS powder was
obtained.

Then, in accordance with GB8074-87 Testing method for specific
surface of cement-Blaine method, the specific surface area of the BCM
and SS powder was measured to be 558 m>kg" and 624 m>-kg”, re-
spectively.

It can be seen from Fig. 3 that the particle size of the BCM and SS
powder were both below 10 pm; their D50 (median diameter) were
1.397 ym and 1.962 pym, respectively; D90 (the corresponding particle
diameter when the percentage of cumulative particle size distribution
reaches 90%) were 3.042 ym and 4.649 pm, indicating that the raw

Pri .
10T rm.lar).f - -Second.ar)f - - Thlr(!ly ) ‘ Mixture
pre-grinding mixed-grinding mixed-grinding
SS CC+FGDG
Figure 2. Flow chart of cascade grinding preparing cementitious materials [34]
Table 1. Chemical composition of raw materials (wt.%)

Materials SiO, AlLO3 Fe 03 FeO MgO CaO f- CaO f- MgO Na,O K,0 SO; LOI
SS 17.41 5.74 12.62 7.68 9.95 40.03 1.23 0.81 1.54 0.12 0.42 1.54
10T 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. The particle size distribution of SS
Size /mm Individual yield /% Positive cumulative yield /% Negative cumulative yield /%

+10 4.23 423 100.00
10~4.75 30.09 34.32 95.77
4.75~2.36 23.47 57.79 66.68
2.36~1.18 16.78 74.57 42.21
1.18~0.6 11.98 86.55 25.43
0.6~0.3 8.44 94.99 13.45
-0.3 5.01 100.00 5.01

Total 100.00 — —
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Figure 3. Particle size distribution curve of BCM and SS powder

materials after grinding contains a large number of micron and submi-
cron particles.

(1) Test of the SS powder content

Use the ground SS powder to replace the BCM according to the mass
fraction of 0%, 10%, 20%, 30%, etc., and record them as Al, A2, A3,
and A4 respectively. Table 3 lists the cementitious materials with dif-
ferent content of the SS. A 100 mmx>100 mmx>100 mm concrete test
block was prepared at the cement-sand ratio of 1:1 (aggregate: +0.074
mm IOT, the same below), and the water-cement ratio of 0.23 by mix-
ing 0.4% of the cementitious material with water reducing agent under
the standard curing at the temperature (20+1) °C and relative humidity
above 90%. Within the specified curing age, the test of the mechanical
properties was conducted according to GB/T50081-2002 Standard for
test method of mechanical properties on ordinary concrete, to deter-
mine the optimal content of the SS powder.

(2) Test of curing method

First prepare the cementitious material according to the optimal con-
tent of SS powder obtained in test (1) above. Then, prepare the 100
mmx100 mmx100 mm as above in test (1) for standard curing. After 1
day, the mould was disassembled and subjected to 20°C standard cur-
ing, 56 °C wet-heat curing, and 90 °C wet-heat curing. The three groups
of samples were marked as B1 (20 °C), B2 (56 °C), and B3 (90 °C).
After wet-heat curing for 12 hours, B2 and B3 were de-moulded with
B1 for the standard curing. Finally, the strength test was conducted of
each test block to determine the optimal curing method.

(3) Microscopic analysis for the hydration process of the cementi-
tious materials

Prepare the cementitious materials as shown in test in (1), and then
use the optimal curing method obtained in test (2) to cure the test
blocks. The micro-morphology of the test blocks was finally analysed.

2.2.2. Performance characterization

The MASTER SIZER 2000 laser particle size analyser (test range:
0.02~2000.00 pm) was used to perform the particle size analysis of the
ground material, with the ethanol as the dispersant, and the test on par-

Table 3. Chemical composition of cementitious materials (wt.%)
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Figure 4. Effect of SS powder proportion on compressive strength of
HPC

ticle size distribution of the powder was carried out with reference to
GB/T19077.1-2008 Particle Size Analysis-Laser Diffraction Method.
The SSA-3200 dynamic specific surface area analyser was adopted to
measure the specific surface area of the ground material. The ball mill
(SM®500mm x 500 mm, 5 kg) was used for grinding of each material
and steel. The cement paste mixer (NJ160A type), cement mortar mixer
(JJ-5 type), and cement mortar fluidity tester (NLD-3 type) were ap-
plied in the cement paste and mortar of cementing materials. A single-
horizontal test chamber concrete mixer (HIW-60 type) was used for the
concrete test. The compressive strength test used a digital display pres-
sure tester (YES-300). The test piece was cured by a standard constant
temperature and humidity curing box (YH-40B).

X-ray diffraction (XRD) analysis was performed using Rigaku
D/MAX-RC 12KW rotating anode diffractometer. The microstructure
of the samples was analysed using ZEISS SUPTRMSS field emission
scanning electron microscope (FE-SEM).

3. RESULTS AND DISCUSSION

3.1. Effect of the SS content on the compressive
strength of HPC

When the SS replaces cement as a cementitious material by blending
into the HPC system, it will have a great impact on the mechanical
properties of concrete. Fig. 4 shows the effect of the SS content on the
compressive strength of concrete under standard curing conditions.

It can be seen from Fig. 4 that with the increasing of SS powder con-
tent, the compressive strength of concrete at the curing ages of 3 d, 7 d,
and 28 d showed a downward trend; the 28-day compressive strength
of concrete with SS powder content of 0%, 10%, 20% and 30% was
88.23MPa, 86.12MPa, 75.85 MPa and 62.26 MPa, respectively. Alt-
hough all these meet the requirements of C60 concrete strength, the
admixture of SS powder has a more significant impact on the compres-
sive strength of concrete, especially on early strength.

Along with the amount of SS powder increasing from 0% to 20%,
the strength of concrete at all curing ages decreased, but slightly. When

Actual proportion of each raw material / %

0, 0,
Number SS/% BCM /% SS 10T GBFS cc FGDG
Al 0 100 0 40 26 26 8
A2 10 90 10 36 23.4 234 72
A3 20 80 20 32 208 208 6.4
A4 30 70 30 28 18.2 18.2 56
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Figure 5. Effect of curing temperature on compressive strength of
HPC

the amount reached 30%, the compressive strength of concrete at 3 d, 7
d, and 28 d were significantly reduced, by 39.22%, 35.02%,
and 29.43% respectively compared with that of all ages without SS
powder. At this time, the strength of concrete at 28 d was only
62.26 MPa, which was also significantly lower than 75.85 MPa, that of
the concrete doped with 20% SS powder; also, due to the low
content of alkaline activating substances in the system, the activity
of most SS particles cannot be excited, resulting in incomplete
hydration of the SS and low strength of the concrete. Therefore, the
appropriate amount of SS pow-der in concrete is determined to be 20%.

3.2. Effect of curing process on strength of high-
performance concrete

The wet-heat curing can accelerate the hydration reaction of con-
crete, significantly increase the early strength of concrete, and shorten
the production cycle. Currently it has been widely used in the produc-
tion of prefabricated components. Fig. 5 shows the mechanical proper-
ties of concrete prepared by using cementitious materials doped with
20% SS powder under different curing methods.

It can be seen from the figure that the curing process has an im-
portant influence on the compressive strength of the HPC materials,
especially on the early strength. At the age of 3 days, the compressive
strength of B2 (56 °C wet-heat curing at high temperature and humidi-
ty) and B3 (90 °C wet-heat curing at higher temperature and humidity)
was significantly 23.68 MPa and 25.62 MPa higher than that of group
B1 (standard curing 20 °C), with the increase rates reaching 70.54%
and 76.32%. This is mainly due to the accelerated hydration reaction
rate of the cementitious material under high-temperature curing condi-
tions. The high temperature environment is conductive to the early
hydration reaction of the active components (Cj2A7, C,S and C;S) in
the SS powder, leading to the rapid increase in the early strength of the
HPC system. At 28 d age, the compressive strength of the three groups
of samples all reached more than 70MPa, but the increase in strength of
group B3 concrete significantly slowed down at 7 d to 28 d age, and the
strength at 28 d age was slightly lower than the B2 group, with the

Table 4. Pore size distribution of gelled materials cured for 28 d

Pore size distribution / %

1
1-Quartz 2-Ettringite 3-RO
4-Ca(OH), 5-C,S 6-C,S
1
< I 1
© 2
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1 1 1 1 1 1
20 30 60 70

0 , 50
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Figure 6. XRD patterns of the hydrated paste from SS at different age

micro cracks appearing on the surface of the test block at the later stage
of curing. The main reason for this is that at over 70 °C, ettringite dehy-
drated and the crystal structure was damaged; after 12 hours of wet-
heat curing, the standard curing at 20 °C was resumed. As a result, the
ettringite could absorb water again, and showed the original structure,
while the process of recrystallization was an exothermic reaction. Dur-
ing this process, a large amount of heat was emitted, which would ex-
pand the volume of the concrete and reduce the compressive strength of
the concrete This is also the reasons why prefabricated parts rarely use
high temperature curing. Therefore, a more suitable curing method for
concrete doped with SS powder is to carry out the 1d standard curing
after preparing the concrete test block, then demould and cure for 12 h
under the wet-heat curing condition of 56 °C, and finally perform the
standard curing to the specified age.

3.3. Pore size distribution of cementitious materials
doped with SS

The pore size distribution has an important effect on the mechanical
properties and durability of the material. The mercury intrusion method
was used to test the pore size distribution of the cementitious materials
containing 0% and 20% SS fine powder at a hydration age of 28 days
respectively. The results are shown in Table 4.

It can be seen from Table 4 that at the hydration age of 28 days, the
proportion of the harmless pores (pore diameter less than 20nm) on the
cementitious material mixed with 20% SS powder reached 80.53%,
which was slightly higher than that without SS powder, while the pro-
portion of pore sizes in the 20~50 nm and 50~200 nm decreased slight-
ly, and that of pore sizes over 200 nm increased. Also, for the two types
of cementitious material, their hardened slurry test blocks contained
harmful pores (pore diameter 50~200 nm) and more harmful pores
(pore diameter greater than 200 nm). With 20% SS powder added, the
amount of more harmful pores in the cementitious material was in-
creased and the content of harmful pores was reduced; the proportion
of more harmful pores reached 9.37%, which may be the reason why
the strength of concrete declined with the amount of SS powder in-
creasing.

0, 1 1 0,
SS content/ % 200 nm 50~200 nm 2050 nm <20 nm Average pore size/ nm Porosity / %
0 8.24 7.21 5.88 78.67 8.3 24.07
20 9.37 5.65 4.45 80.53 7.8 21.25
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Figure 7. SEM images of the hydrated pastes from SS at different age,, (al) and (a2) cured for 3 d; (b1) and (b2) cured for 7 d; (c1) and (c2) cured

for 28 d

3.4. Hydration reaction mechanism of cementitious
materials doped with SS powder

Fig. 6 shows the XRD patterns of the test paste prepared from the
cementitious materials doped with 20% fine SS powder at different
ages under 56 °C wet-heat curing condition.

It can be seen from Fig. 6 that the main minerals of the SS-doped
cementitious material were quartz, C,S, ettringite (AFt), a small
amount of Ca(OH) , and RO phases (mainly solid solutions of Fe, Mg,
Ca, and Mn oxides). Among them, SiO, and RO phases were the main
phases of the IOT and SS, respectively, and they hardly participated in
the hydration reaction. In the figure, there were obvious bumps from
about 23° to 35°, which indicates the formation of C-S-H gels in the
system.

At the age of 3 d, more AFt and a small number of Ca(OH), diffrac-
tion peaks appeared. Meanwhile, the diffraction peaks of C;S and C,S
were relatively obvious, which is due to the insufficient reaction be-
tween the two in the SS. Besides, cement clinker and GBFS powder
also contained a large amount of C,S and C;S, which stacked and
worked together so that there are rich C;S and C,S in the initial system
of hydration reaction. But with the extension of reaction time, the activ-
ities of the two in the SS were gradually excited and reacted with
Ca(OH), to form the C-S-H gels, which gradually weakens the diffrac-
tion peaks of C,S and C;S.

At the age of 7 d, the diffraction peaks at 20 of 15.150°, 28.713°,
32.015°, 48.835°, and 56.382°, etc. were significantly enhanced, indi-
cating that many C-S-H gels and AFt were generated in the system at
this time. However, the intensity of the diffraction peaks became weak-
er at 20 of 17.634°, 24.381°, and 36.510°, indicating that the amount of
Ca(OH), produced by the hydration reaction was continuously partici-
pating in the reaction of AFt, and its amount also decreased according-

ly.

The 56 °C wet-heat curing promoted the Al-O and Si-O bonds in the
SS particles to break, and these broken bonds were re-bonded with the
ions in the system, which contributes to the hydration reaction. Under
this curing condition, Si0,-CaO-MgO-H,0 coexisted. Because of the
proper temperature and humidity of the system, CaO reacted quickly
with the active SiO; in the system and turns into the C-S-H gels, and
MgO was combined with the remaining active SiO, to form magnesium
silicate hydrate. In addition, CaO and MgO reacted with active Al,O; to
form C_A-H and magnesium aluminate hydrate. With the reaction age
increasing, the SiO,and Al,O; content with high activity in the system
gradually decreased, and the rate of transforming f-CaO in the SS to
Ca(OH), was gradually greater than that of Ca(OH), consumption, so at
the age of 28 d, Ca(OH), diffraction peaks can still be seen clearly.

Fig.7 shows that a large number of reaction products were generated
in the concrete with a hydration age of 3 days, lots of C-S-H gels and
AFt crystals were intertwined with each other, and the hardened slurry
network structure was basically formed, to ensure a higher strength of
concrete in the early days. Part of the f~-CaO in the SS gradually under-
went a hydration reaction to generate Ca(OH),, which is a volume ex-
pansion process, and just offsets the volume shrinkage effect caused by
hydration of CC [8]. It can be seen from Fig. 7(bl) and Fig. 7(b2) that,
at the age of 7 days, a large amount of AFt was produced in the system,
and the grain size of AFt also grew significantly; the AFt with relative-
ly high crystallinity was further intertwined, and the C-S-H gels in the
system filled the pores, making the system denser. At the hydration age
of 28 d, with the large amount of hydration products generated, the AFt
crystals were completely wrapped by the gels, the pores in the system
were reduced, and the structure became denser. At the beginning, the
SS powder had a slow hydration rate, and only a small amount of min-
erals underwent hydration reactions. However, in the middle and late
stages of the reaction, the RO phase and a small amount of f-CaO slow-
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Figure 8. Schematic diagram of the hydration reaction mechanism of cementitious materials [35, 36]
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Figure 9. Hydration process model of cementitious materials [35, 36]

ly participated in the hydration reaction, and its hydration products
were mainly Ca (OH),, C-S-H gels. In the system, both AFt and C-S-H
gels are synergistically formed, which effectively promotes the strength
of the HPC.

During the mechanical grinding process, the SS, IOT, and GBFS
particles were subjected to mechanical forces, and produced local lat-
tice distortions. The lattice distortions increased the lattice energy,
causing the breakage and reorganization of Si-O and Al-O chemical
bonds, so that the periodic boundary conditions that originally reached
equilibrium change, the long-range ordered structure of the crystal
particles was destroyed, and the mineral changed from crystalline to
amorphous. New defects appeared on the surface of the powder parti-
cles, and the particle activity increased, which helps the hydration pro-
cess to proceed smoothly.

Fig. 8 shows a schematic diagram of the hydration reaction mecha-
nism of cementitious materials for the HPC, and Fig. 9 shows a hydra-
tion reaction model of the SS and IOT for cementitious materials. The
bonding structures of silicate and aluminate minerals in the SS were
mainly silicon-oxygen bonds and aluminium-oxygen bonds. They
mainly existed in the form of [SiO4] tetrahedron, [AlO4] tetrahedron or
[AlOg¢] coordination polyhedron. After encountering water, the particles
with higher activity quickly dissolved under the basic environmental
conditions of gypsum, and released a large amount of OH", Ca*, AI**
ions, forming the liquid phase rich in ions such as Ca*', [A(OH)s]*,
SO,%, [H;SiO4], and OH". These tetrahedral structures continued to
recombine with the ions in the liquid phase, and generated relatively
stable zeolite facies hydration products. As a result. the silicon-oxygen
bond and aluminium-oxygen bond in the SS were constantly broken,
the SS was also continuously dissolved, and the hydration products
gradually filled the pores of the reticular network structure, so that the
all-solid waste concrete system is gradually dense and the compressive
strength also increases.

As the hydration reaction progressed, the surface of the IOT particles
de-polymerized, and the depolymerized ions entered the liquid phase
under the action of OH’, which supplemented the solution [H3SiO,]’,
[H3AlO04]%, and [AI(OH)s]* ion; using the mutual excitation effect
among the fine powders of the SS, GBFS, and gypsum, while forming
a large number of ettringite and needle-shaped double salt crystals, it
also formed many approximately amorphous C-S-H gels and zeolite-
like phase, and the needle-shaped double salt crystals were tightly

wrapped, greatly improving the stability of the entire concrete system.

During the hydration process, the low-iron aluminium phases (such
as C,F and C¢AF),) in the SS also participated in the hydration reaction.
The main reactions are shown in formulas (1) and (2):

2(2Ca0-Fe,05)+4H,0 — 4Ca0-Fe,05-H,0+ 2Fe(OH); (1)

6C30'A1203'2F8203+10H20—> (2)
3CaO-A1203 6H20+2F€(OH)3

Meanwhile, the divalent metal oxides (CaO+ MgO+ FeO) in the SS
were also the material basis for stimulating the formation of C-S-H gels
with the GBFS and tailings. It reacted with Al,O; and Fe,O;to form
AFTcontaining double salt with the participation of FGDG. The reac-
tion is shown in formula (3):

2(AP" Fe*H)+3(Ca?" Mg*' ,Fe*")+ 3(CaS0O,42H,0)+
120H+ 20H,0 (3)
— 3(Ca0, MgO, FeO)-(AL0;, Fe,05)-3CaS04-32H,0

In addition, fine-grained SS and IOT can have a micro-aggregate
effect. Many sub-micron and nano-sized particles that have not partici-
pated in the reaction are densely packed and filled in the hardened ce-
ment slurry, which reduces the porosity of the system and strengthens
the overall structure of the hardened. Thus, the compressive strength of
the concrete also improves accordingly.

4. CONCLUSIONS

(1) The admixture of SS powder has a relatively significant impact
on the compressive strength of concrete, especially on its early
strength. With the amount of SS powder increasing, the compressive
strength of concrete at the ages of 3d, 7d, and 28d showed a downward
trend. The appropriate amount of SS powder is determined to be 20%.

(2) The curing process has a significant effect on the compressive
strength of the HPC. High-temperature wet-heat curing is conducive to
the improvement of early strength of concrete, but too high temperature
may cause dehydration and recrystallization of ettringite, which is not
good for the later stability of concrete.

(3) At the beginning, the SS powder was hydrated slowly, but in the
middle and late stages of the reaction, the RO phase and a small
amount of f-CaO slowly participated in the hydration reaction. Its hy-
dration products were mainly Ca (OH), and C-S-H gels. In the system,
both AFt and C-S-H gels are synergistically formed, which effectively
promotes the strength increase of the all solid waste concrete system.

(4) The incorporation of SS powder increases the proportion of more
harmful pores at the hydration age of 28 days, which is one of the rea-
sons that the strength of concrete decreases with the increase of the
amount of SS.
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