
Introduction

Mineral admixtures have been widely used in 
concrete, and they have become an essential part in 

modern concrete technology. The utilization of mineral 
admixtures can dramatically decrease the emission of CO2 
in the concrete industry [1-3]. As mineral admixtures, fl y 
ash (FA) and ground blast furnace slag have been widely 
used in concrete [4]. Although the addition of FA and 
slag decreases the early-age strength of concrete, some 
other properties of concrete can be improved, such as 
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Abstract

In order to improve the utilization of the steelmaking byproduct steel slag in the concrete industry, this 
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increasing workability and performance, decreasing the 
inner temperature, and lowering the cracking potential [5-
8]. The combined use of FA and slag can further improve 
the properties of concrete, thus the ternary concrete with 
FA and slag is widely used [9-11]. As the wide application 
of FA and slag, they have turned to scarce resources in 
some areas, which increases their price.

Steel slag is a kind of massive byproduct when lime 
is added to extract impurities during steelmaking, and its 
amount is about 15-20% of crude steel production [12]. 
The annual amount of steel slag is about 80 million tons in 
China, and the accumulated amount is about 500 million 
tons. And the utilization rate is 22%, which is far below 
the target rate of 75% in the utilization of massive solid 
byproducts during China’s 12th Five-Year Plan. According 
to the different processes of steelmaking, steel slag can 
be categorized as converter slag, refi ning furnace slag, 
casting slag, electric furnace slag, pretreatment slag, etc. 
Among them, converter slag makes up more than 70% 
of the total in China. The utilization of steel slag mainly 
includes the applications in producing metallurgical raw 
materials, road works, innovative building materials, 
glass-ceramics, and environmental and agricultural fi elds. 
However, its application in the concrete industry is still 
minor. Wang et al. [13] and Zhang et al. [14] indicated that 
steel slag be used as mineral admixture in concrete and 
cement. The mineral compositions of steel slag include 
calcium aluminates (C3A, C12A7), calcium ferrites (C4AF, 
C2F), calcium silicates (C3S, C2S), RO phase (CaO-MgO-
MnO-FeO solid solution), free MgO, free CaO, Fe3O4, and 
so on [15-20]. 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, etc. [20-22]. Thus steel slag is considered a 
supplemental cementitious material.

Due to the volume stability issue and its wide 
composition range, the application of steel slag into 
concrete is limited. It would be a huge economic and 
environmental benefi t if hugely accumulated and widely 
distributed steel slag was used in concrete [23]. Thus, 
it is necessary to study the cementitious properties and 
hydration characteristics of steel slag. This paper will 
focus on the infl uence of fi neness and replacement level 

of steel slag on the cementitious and hydration properties 
by XRD, strength test, non-evaporable water test, and 
particle side distribution analysis.

Material and Methods

Materials

Cement. The cement used was P.I 42.5 Portland 
cement, which complies with the Chinese National 
Standard GB 175-1999. The specifi c surface area of cement 
is 345 m2 kg-1. Its chemical composition and physical 
properties are shown in Tables 1 and 2, respectively. 
Fig. 1 shows its mineral components with 8.74% C4AF, 
7.82% C3A, 29.81% C2S, and 48.72% C3S by mass.

Steel slag. The steel slag used was basic oxygen 
furnace steel slag, which complies with the Chinese 
National Standard GB/T 20451-2006. The chemical 
compositions of steel are shown in Table 1. The mineral 
phases of steel slag are shown in Fig. 9. Table 1 shows that 
the amount of CaO in the steel slag 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 [24], the 

Materials SiO2 Al2O3 Fe2O3 FeO MgO CaO Na2Oeq MnO P2O5 LOI

Cement 21.68 4.56 2.63 - 1.83 63.39 0.48   - 0.04 1.86

Steel slag 17.41 5.74 12.62 7.68 9.95 40.03 0.27 0.68 2.78 1.65

Na2Oequi = Na2O+0.658K2O

Table 1. Chemical composition of cement and steel slag (wt. %).

Normal 
consistency/%

Setting time/min
Stability

Flexural strength/MPa Compressive strength/MPa

Initial setting Final setting 3d 28d 3d 28d

26.4 90 210 qualifi ed 5.4 8.6 20.7 52.9

Table 2. Physical properties of cement.

Fig. 1. Mineralogical phases of cement.
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basicity of the steel slag used herein is 2.17. According 
to the particle size distribution of the steel slag listed in 
Table 3, the particles within the size range of 0.3-10 mm 
accounts for 82.03% of the total, which indicates that steel 
slag needs crushing before grinding. 

Fine aggregate. ISO standard sand will be used as fi ne 
aggregate in mortar.

Coarse aggregate. Crushed limestone within the size 
5-25 mm will be used as coarse aggregate in concrete.

Methods

Specimen Preparation

The steel slag used herein was crushed into particles 
of 1-2 mm in diameter using a fully sealed jaw crusher 
(EP-150×125). Then the rushed steel slag was ground into 
the essential fi neness by a ball mill (SMΦ500×500).

The water-to-binder ratio is 0.30 and 0.45 for steel 
slag-water paste and cement-water paste, respectively. 
The fresh paste was cast into 40×40×160 mm molds and 
then cured in a moist room (RH>90%, 20±1ºC) for one 
day. Then the demolded specimens were cured in lime 
water at 20±1ºC until specifi c ages (3, 7, 28, 90, and 
180 days). The compressive and fl exural strengths of 
specimens were measured at varying ages. The paste used 

for the measurement of non-evaporable water content was 
cast in sealed plastic centrifuge tubes, which prevents 
carbonation and water loss. The curing regime is the same 
as that of the aforementioned paste.

The mortar specimens with steel slag for compressive 
strength test were cast with the ground steel slag, and 
water and ISO standard sand with a ratio of 1:0.3:3. The 
curing regime is the same as the steel slag paste.

The steel slag blend concrete and plain concrete were 
cast into 100×100×100 mm molds. The density of concrete 
is considered as 2,400 kg m-3 and the replacement level of 
steel slag is 15%, 30%, and 45% by mass (Table 4). The 
compressive strength was measured at the ages of 3, 7, 28, 
90, and 180 days.

Property Characterization

According to the Chinese National Standard GB/T 
19077.1-2008 Particle size analysis - Laser diffraction 
methods - Part 1: General principles, the particle size 
distribution of ground steel slag is analyzed using a 
laser particle size analyzer (MASTER SIZER 2000, the 
analysis range is 0.02~2,000.00 μm) with ethanol as 
the dispersant. The specifi c surface area is measured using 
a dynamic specifi c surface area analyzer (SSA-3200). 
The compressive strength test of mortars was based 
on the Chinese National Standard GB/T 17671-1999 
Method of testing cement-determination of strength. 
The strength was measured using a hydraulic pressure 
testing machine (YES-300) with a maximum load of 
300 KN and a loading rate of 2.0±0.5 kN/s. To prepare 
the samples for non-evaporable water content 
measurement, the crushed specimen (smaller than 80 μm 
in diameter) was immersed in ethanol to stop hydration. 
The samples were dried at 65ºC for 24 hrs in an oven 
(DH-101), and then 1~2 g dried samples were burned 
at 1,050ºC for 2 hrs in a furnace (CD-1400X). And the 
mass loss in the furnace is used to calculate the non-
evaporable water content. The XRD spectra were 
obtained using a D/Max-RC diffractometer (Japan) with 
CuKα radiation, voltage of 40 kV, current of 150 mA, 2θ 
scanning ranging between 10º and 90º, and the wavelength 
is 1.5406 nm.

Size/mm Individual 
yield/%

Positive 
cumulative 

yield/%

Negative 
cumulative 

yield/%

+10 4.11 4.11 100.00

10~4.75 31.41 35.52 95.89

4.75~2.36 23.12 58.64 64.48

2.36~1.18 15.46 74.10 41.36

1.18~0.6 12.04 86.14 25.90

0.6~0.3 8.97 95.11 13.86

-0.3 4.89 100.00 4.89

Total 100.00 — —

Table 3. Particle size distribution of steel slag.

W/B
Raw material composition/(kg m-3)

Dosage of steel slag/%
Cement Steel slag Stone Sand Water

0.48

400 — 759 1049 192 —
340 60 759 1049 192 15
280 120 759 1049 192 30
220 180 759 1049 192 45

0.32

400 — 786 1086 128 —
340 60 786 1086 128 15
280 120 786 1086 128 30
220 180 786 1086 128 45

Table 4. Mix proportion of concrete.
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Results and Discussion

The Cementitious Properties of Steel Slag

The steel slag with a SSA of 460 m2 kg-1 was used to 
study the cementitious properties of steel slag. The strength 
development of steel slag paste and mortar is shown in 
Fig. 2. The compressive and fl exural strength of steel slag 
paste and mortar is low at the early ages, which is due to 
the small amount of formed C-S-H from steel slag. As the 
age increases, the amount of formed C-S-H increases, and 
the strength dramatically increases. And it should be noted 
that there is a big difference between the strength of paste 
and mortar at the same age. The maximum compressive 
strength of the steel slag paste is 12.65 MPa at 180 days, 
while that of mortar is 5.89 MPa. This indicates the weak 
cementitious capability of steel slag and that steel slag 
achieves strength after long-term hydration.

The non-evaporable water content is a common 
indicator of the degree of hydration for cementitious 
materials. In the hardened cementitious materials, the water 

inside can be separated into two portions. One portion of 
water exists as free water in the pores of the materials, 
while the other portion is considered non-evaporable 
water as a component of hydration products in a form of 
OH-. The amount of non-evaporable water increases as 
the amount of hydration products increases. Fig. 3 shows 
the non-evaporable water amounts of steel slag paste and 
cement paste at varying ages. The non-evaporable water 
content of cement paste is much higher than that of steel 
slag paste at the early age, while its increase at the late 
ages is smaller than that of steel slag paste. During the 
curing age from 90 to 180 days, the non-evaporable water 
content increased by 0.42% and 1.91% in the cement paste 
and steel slag paste, respectively. The non-evaporable 
water content of the cement paste at the age of 180 days 
is 17.02%. At the same age, the amount of steel slag only 
accounts for 57.64% that of the cement paste. There is a 
maximum difference of the non-evaporable water content 
with a value of 9.10% between the two pastes at the age of 
seven days. As the age increases, the difference becomes 
smaller, and there is a minimal difference with a value 
of 7.21% at the age of 180 days. This indicates that the 
hydration rate of the steel slag exceeds that of cement after 
seven days.

The strength development of the steel slag has a similar 
trend to that of the non-evaporable water content, which 
indicates the slow hydration of the steel slag and its higher 
contribution to long-term hydration.

Infl uence of Steel Slag Fineness on Strength

After 40 mins and 70 mins grinding in the ball mill, 
the SSA of steel slag is 460 m2 kg-1 and 610 m2 kg-1. And 
the particle size distributions of ground steel slag and 
cement are shown in Fig. 4. Theoretically, mechanical 
grinding has no infl uence on the mineral phases, chemical 
composition, and hydration products of the steel slag. 
Increasing the SSA of the steel slag has some infl uence 
on its cementitious properties in two aspects. One aspect 
is that the main ground mineral phases are C3S and C2S 
due to the inert RO phase being hard to grind. And another 

Fig. 2. Strength development of steel slag pastes and mortars. 

Fig. 3. Chemically combined water content of steel slag and 
cement paste. Fig. 4. Particle size distribution of steel slag and cement.
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aspect is that C3S and C2S can be ground to be fi ner since 
the steel slag is smaller than 1 μm on account of more 
portion than that in coarse steel slag.

As shown in Fig. 4, as the grinding time increases, 
the particle size distribution of the steel slag becomes 
narrower and the peak particle size decreases from 
14.09 μm to 3.14 μm. More than 50% of the ground 
steel slag has a particle diameter smaller than 10 μm, 
and submicron particles appear, which consist of 1.64% 
and 3.65% of the total steel slag particles after 40 and 

70 mins, respectively. There is a larger portion of parti-
cles smaller than 10 μm and submicron particles in 
ground steel slag than in cement (Fig. 5). As listed in 
Table 5, the characteristic particle sizes D10, D50, and 
D90 decrease as grinding time increases. As the grinding 
time increases from 40 to 70 mins, D10 of the steels slag 
decreases from 1.58 μm to 1.13 μm, D50 from 6.64 μm 
to 4.12 μm, and D90 from 22.47 μm to 17.78 μm. This 
indicates that the portion of small particles increases as 
the grinding time increases.

Fig. 6 shows the compressive strength of the paste 
and mortar made from the steel slag with two fi neness 
values (after 40 and 70 mins grinding). As the curing age 
increases, the strength of both paste and mortar increases. 
There is little difference between the strength of both 
paste and mortar made from the steel slag with different 
fi neness at the ages of 3 and 7 days. As the curing age 
increases to 28, 90, and 180 days, the strength of paste 
and mortar from the 70 mins grinding steel slag is higher 
than that from 40 mins grinding steel slag. At the age of 
28 days, the compressive strength of the paste from 70 
mins grinding steel slag is 27.91% higher than that from 
40 mins grinding steel slag. At the ages of 90 and 180 days, 
the value is 29.29% and 12.25 % for paste and 23.23% and 
9.34% for mortar, respectively. Strength sees the largest 
difference at the age of 90 days, while the difference 
at the age of 180 days is smaller. Because the fi neness 
of active components of C3S and C2S are larger in SSA 
of 610 m2  kg-1 steel slag, the early hydration reaction is 
faster and can produce more hydration products than SSA 

Fig. 5. FE--SEM images of cement and steel slag powder: a) 
cement, b) SSA of 460 m2 kg-1, and c) SSA of 610 m2 kg-1.

Grinding 
time /min

Characteristics particle size/μm

D10 D50 D90

40 1.58 6.64 22.47

70 1.13 4.12 17.78

Table 5. Characteristic particle size of steel slag at different 
grinding times.

Fig. 6.  Infl uence of steel slag fi neness on the strength of paste 
and mortar. 
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of 460 m2  kg-1 steel slag. As the curing age is extended, 
the number of active components in the steel slag is 
reduced, so the change rate of strength is decreased in the 
late age.

Fig. 7 shows the non-evaporable water content of the 
paste made from the steel slag with the different fi neness. 
The non-evaporable water content in the paste with 
70 min grinding steel slag is 1% higher than that with 
40 mins grinding steel slag at the age of one day. As the 
curing age increases from 28 to 90 days, the difference 
increases from 1.6 to 2.6%. This indicates that increasing 
the fi neness of the steel slag can improve hydration at 
both early and late ages. It should be noted that the 
difference becomes 0.9% smaller by the age of 180 
days. The content of C3S and C2S in both steel slag is the 
same, and the difference lies in the hydration rate due to 
the different fi neness. At the age of 180 days, most C3S 
and C2S phases can be considered to be hydrated. Thus, 
at the age of 180 days there is a small difference in the 
non-evaporable water content of the paste with different 
steel slag as analyzed. The above analysis suggests that 
the degree of hydration of C3S and C2S increases after 
mechanical grinding. The trend in non-evaporable water 
content is similar to that of compressive strength.

Infl uence of Steel Slag Replacement Level 
on Compressive Strength of Concrete

Steel slag with SSA of 610 m2 kg-1 was used in the 
concrete with a water-to-binder ratio of 0.48, and strength 
development is shown in Fig. 8. As the replacement 
level of steel slag increases, the strength of the concrete 
decreases at the same age. And at the early age the strength 
developed slowly. At the age of three days, the strength of 
the concrete with 45% steel slag is 1.2 MPa. By comparing 
the strength of the steel blend concrete and plain concrete, 
the relative strength of the steel slag blend concrete can 
be calculated. At the age of seven days, the strength 
decreases by 18.3%, 41.7%, and 86% in the concrete with 

15%, 30%, and 45% steel slag, respectively. As of the 
concrete with 45% steel slag, the strength decreases by 
95.3%, 86%, and 63.9% at the ages of 3, 7, and 28 days. 
This indicates the low reactivity of steel slag at the early 
age. When some portion of steel slag is replaced by steel 
slag, the amount of cementitious materials responsible for 
the early age strength decreases. Moreover, the addition of 
steel slag decreases the degree of hydration of cement at 
the early age by inhibiting the hydration of cement. And 
the inhibition effect increases as the replacement level of 
steel slag increases.

As shown in Fig. 9, as the curing age of concrete with 
a water-to-binder ratio of 0.32 increases, the strength 
difference between steel slag blend concrete and plain 
concrete decreases. And this trend becomes more obvious 
in the concrete with a higher replacement level of steel 
slag. At the age of 180 days, the strength of concrete 
with 15%, 30%, and 45% steel slag is 94.8%, 88.9%, 
and 83.6% of that of plain concrete, respectively. This 
indicates that the larger replacement level of steel slag has 

Fig. 7. Chemically combined water content of different fi neness 
steel slag paste. 

Fig. 8. Infl uence of content of steel slag on compressive strength 
(W/B = 0.48).

Fig. 9. Infl uence of content of steel slag on compressive strength 
(W/B = 0.32).
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a positive effect on the long-term hydration of cement. 
By comparing the strength of concrete in Figs 8 and 9, 
it can be implied that the degree of reaction of steel slag 
and its contribution to the strength of concrete increases 
as the curing age increases. As some portion of cement 
is replaced by steel slag, the actual water-to-cement 
ratio increases due to the larger water demand of cement 
than steel slag. Thus, cement has more water to hydrate 
in a higher water-to-cement ratio. However, the limited 
positive effect of steel slag on cement hydration results in 
its more obvious improvement for long-term hydration at 
a lower cement-to-binder ratio.

The Hydration Products of Steel Slag

Fig. 10 shows the XRD spectra of steel slag and 
hardened steel slag paste at the ages of 3, 90, and 180 days. 
The mineral phases of steel slag include C2S, C3S, C2F, 
C12A7, RO phase (CaO-MgO-MnO-FeO solid solution), 
Ca2Al2Si3O12, Fe3O4, free Cao, and free MgO, among 
which C2S, C3S, and RO phase are the main phases. A 
small amount of C4AF can be obtained in steel slag due 
to the replacement of Al in C2F. Considering that Al atoms 
are mainly in the phases of C12A7 and Ca2Al2Si3O12, the 
amount of C4AF is small. As the curing age of steel slag 
paste increases, the peak intensity of C2S, C3S, C2F, and 
C12A7 decreases, which indicates their hydration. The 
intensity decreases more in the long term, and this is in 
accordance with the larger strength increases at the late 
ages in Fig. 9. The peak intensity of C2F, Fe3O4, and 
RO phase stay constant, which indicates they do not 
participate in the hydration. The main hydration products 
are C-S-H and Ca(OH)2. No peak can be found for C-S-H 
in the spectra since C-S-H is poorly crystallized. The peak 
of Ca(OH)2 can hardly be identifi ed at the age of three 
days due to the low degree reaction of steel slag.

In summary, the mineral phases in hardened streel slag 
paste include hydration products (Ca(OH)2 and C-S-H), 
inert components (C2F, Fe3O4, and RO phase), and 
unhydrated phases (C3S, C2S, Ca2Al2Si3O12, and C12A7). 
As the curing age increases, the amount of Ca(OH)2 and 

C-S-H increases, the amount of inert phases stay constant, 
and the amount of unhydrated components decreases.

Conclusions

1. Steel slag has weak cementitious capability, and the 
slowly hardened paste and mortar made from steel 
slag can obtain low strength. It early-age degree of 
hydration is far lower than that of cement. And it can 
contribute more to strength due to its larger hydration 
rate than that of cement at a late age.

2. By analyzing the infl uence of steel slag fi neness on its 
cementitious properties, increasing the fi neness can 
help increase the hydration rate at the early age as well 
as the late age. After 90 days of curing, the hydration 
rate decreases and the degree of hydration is similar 
for steel slag with different fi neness at the age of 180 
days.

3. The early-age hydration of cement can be inhibited to 
some extent when steel slag is added. And the inhibition 
effect increases as the replacement level of steel slag 
increases. There is a slow strength development of 
steel slag-blend concrete with a low water-to-binder 
ratio at the early age. As age increases, the strength 
increases more in steel-slag-blend concrete, while the 
negative infl uence of steel slag on concrete strength 
decreases.

4. The mineral phases of steel-slag-blend hardened paste 
mainly includes hydration products (Ca(OH)2 and 
C-S-H), inert components (C2F, Fe3O4, and RO phase), 
and unhydrated phases (C3S, C2S, Ca2Al2Si3O12, and 
C12A7).
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