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A composite mineral admixture was prepared by steel slag and superfine blast furnace slag. The influence of superfine blast furnace
slag content of the composite mixture on the mortar and concrete was investigated. The results show that the composite mineral
admixture may decrease the strength of concrete at the early age but improve the strength development over time. Increasing the
content of superfine blast furnace slag can reduce the degradation of the early strength. The reduction of the autogenous shrinkage
and adiabatic temperature rise is significant when the composite mineral admixture is added. The reduction is more obvious when
the water-to-solid ratio (w/s) is low. The results show that with steel slag and superfine blast furnace slag playing as complementary

parts in the composite mineral admixture, it can be used as an effective substitute of cement.

1. Introduction

To combat halt global warming, the emission of CO, and
other greenhouse gases needs to be zero or even negative [1].
Cement production is a process with high energy con-
sumption and high carbon emission. CO, emission from the
cement industry accounts for 7% of the world’s total
emissions [1]. The production of 1t cement clinker emits
about 1t CO,, 0.74kg SO, and 1.15kg NO, (including the
emissions from the use of fossil fuel during cement pro-
duction) [2-4]. Using renewable energy is an important
technology to reduce CO, emission. But this method cannot
completely reduce the CO, emission of the cement industry.
The CO, emission of energy consumption accounts for
40-60% of the total emission in cement production [5, 6].
The chemical reaction occurring in the production of cement
is a process that inherently emits CO,. Therefore,
substituting cement by pozzolanic materials or other ma-
terials with hydration activity to reduce clinker usage is
important. In recent decades, different kinds of supple-
mentary cementitious materials (SCMs) were developed [7].
Some SCMs have not been extensively used yet, and new

SCMs are still being developed [7]. Compared to the plain
cement concrete, the concrete mixed with SCMs might have
several pros and cons. The mechanical properties, chemical
resistance, and interfacial transition zone (ITZ) are usually
improved [8]. However, some SCMs degrade the properties
of concrete, so these SCMs are not extensively used on a
large scale. For instance, the addition of fly ash and steel slag
decreases the early strength of concrete. Therefore, elimi-
nating the negative effects and fully utilizing the properties
of these SCMs is a strategy for reducing clinker usage. One of
the important technical routes is to use composite SCMs,
which can take advantage of performance characteristics of
different admixtures and fully utilize them. Wang et al.[9]
found that the composite admixture of steel slag and ground
blast furnace slag can eliminate the negative effect of steel
slag on the pore structure of concrete. Han et al. [10] found
that the pore structure of cement is refined when using fly
ash-steel slag composite admixtures. The temperature rise
and later age compressive strength were also improved [10].
From those literatures, it is obvious that composite ad-
mixture has several advantages compared to single admix-
ture. Fineness is reported as an important factor on the
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reactivity of admixture [11, 12]. However few studies were
conducted on the composite admixture with ultrafine SCMs.
Therefore, the study on the composite admixture with ul-
trafine SCMs is worth conducting.

Steel slag (SS) is a byproduct in the process of steel pro-
duction [13]. The world’s annual output of steel slag exceeds 1.6
billion tons every year [14]. Steel slag mainly consists of CaO,
SiO,, MgO, and Fe,O; [15-18]. The main mineral composi-
tions of steel slag are C,S, C5S, G,F, C4AF, and RO phase and
f-CaO [15-17]. At present, steel slag has been studied for
producing bricks [18], ceramics [19], pavement materials [20],
and aggregates of concrete [21]. Due to the existence of Ca-
containing minerals and amorphous phase in steel slag, it
shows a certain level of hydration activity [16, 17]. Conse-
quently, steel slag is considered as a potential mineral ad-
mixture. Researches have shown that the addition of steel slag
in concrete can reduce the reaction heat of cement hydration,
the adiabatic temperature rises, and the early autogenous
shrinkage of concrete [22]. However, adding steel slag can also
reduce the compressive strength of concrete [23]. Steel slag has
less cementitious minerals compared to cement, which makes
the degree of hydration lower than that of cement particles [24].
The larger particles in the steel slag have few cementitious
properties due to the high content of RO phase. The interface
between the large steel slag particles and the C-S-H is relatively
weak [25]. Therefore, the addition of steel slag in concrete can
decrease both the mechanical and durability properties of
concrete.

Blast furnace slag (BFS) is a mineral admixture with
pozzolanic activity, which has been used as common sup-
plementary cementitious materials in concrete [26]. How-
ever, the “effective utilization” of BES is low. Wu et al. [26]
found that the pozzolanic reaction mainly occurred on the
surface of slag. The reaction rate of large particles in BFS was
higher than the small particles [27]. This means that in-
creasing the fineness and specific surface area of slag can
improve the utilization efficiency of BFS. Zhu et al. [28]
found that the fineness significantly affected the reaction
activity of BES. Thus, superfine blast furnace slag (SBFS) can
be a better alternative than blast furnace slag (BES) as
mineral admixture. According to Luo et al. [29], using SBFS
as a supplementary material for cement accelerated the
cement hydration. Besides, the filler effect of ultrafine
powder can increase or at least not decrease the strength of
the concrete [30]. The SBES acted as microfiller [31] in the
interface transition zone (ITZ). The filling effect of finer
particles increases the packing density of the cement matrix
and improves the pore structure of the concrete. Therefore,
using SS and SBFS as complementary parts in the mineral
admixture to replace parts of cement in concrete can be an
effective way to reduce the amount of cement production.

In this paper, a composite mineral admixture was
produced by adding the SBES to SS. The workability and the
compressive strength of the mortar were tested under dif-
ferent w/s. The compressive strength of the concrete mixed
with composite mineral admixture was tested. The work-
ability, compressive strength, and adiabatic temperature rise
and autogenous shrinkage of the self-compacting concrete
were tested in this paper.
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2. Materials and Methods

2.1. Raw Materials. The cement used in this study was or-
dinary Portland cement (OPC) with the strength grade of
42.5 complying with the Chinese National Standard GB 175-
2007. The specific surface area of OPC is 350 m°/kg. The
specific surface areas of SS and SBFS used in this study are
455m?*/kg and 639 m*/kg, respectively. The chemical com-
positions of OPC, SS, and SBFS are presented in Table 1. The
polycarboxylate (PCE) superplasticizer was used to adjust
the concrete fluidity.

2.2. Test Method. The mortar and concrete were prepared to
test the compressive strength. The mortars were mixed by a
planet mixer. After adding the water, the pastes were mixed
at a low speed for 30 seconds, followed by the addition of
sands, and then a 4-minute mixing was conducted. The
mortars were cast in 40 mm x 40 mm x 160 mm molds and
cured under the standard curing conditions (20 +2°C, 95%
RH).

The concrete was mixed using a pan mixer. The powder
materials were dry-mixed for 5 minutes in order to make the
powder more homogeneous. Water-PCE suspension was
gradually added into the mixer after the dry-mixing. The
whole mixing process had lasted for 15 minutes. The con-
crete was cast in 100 mm x 100 mm x 100 mm molds and
cured under the standard curing conditions. The mix pro-
portions of different concrete are described in the following
sections.

Adiabatic temperature rises of the concrete were mea-
sured by a specific temperature measuring instrument. The
measurement accuracy of the instrument is 0.1°C. The
concrete was put into the instrument after the mixing.

A horizontal noncontact autogenous shrinkage mea-
surement was carried out to measure the autogenous
shrinkage of the concrete. The noncontact autogenous
shrinkage measurement of concrete can measure the
shrinkage of the cement of concrete at the early age.

3. Results and Discussion
3.1. Mortar Performance

3.1.1. Fluidity of the Mortar. Fluidity is one of the important
properties of concrete. The fluidity of concrete is affected by
complex factors such as particle size distribution, surface
humidity of the aggregate, and overall environment when
mixing. Therefore, in this paper, the fluidity ratio experiment
of mortar is conducted to characterize the impact of the
composite mineral admixture on the fluidity. The test was
carried out according to the Chinese national standard GB/T
2419-2016. The w/s ratio of the mortar is fixed at 0.47 and the
cementitious material-to-sand ratio is 1 : 3. The total content
of the composite admixture was set as 30%. The fluidity of
mortar is correlated to the packing density of mortar solid
particles [32]. Generally, the higher the packing density is,
the more water is released on the particle surface to form a
so-called “water film” [32]. The thickness of the water film
plays an important role in lubricating between particles,



Advances in Civil Engineering 3
TaBLE 1: Chemical compositions of the material (w.t.%).

Sample CaO SiO, AlL,O3 Fe,03 MgO K,O NaO SO; Loss

OPC 57.21 22.36 7.73 3.66 3.10 0.23 0.73 3.54 2.31

SS 43.37 19.10 7.46 18.01 5.17 0.63 0.41 — 1.36

SBES 40.26 34.39 13.78 0.19 7.43 0.44 0.3 1.92 3.5

affecting the rheology and adhesiveness of mortar [32].
Different particle sizes of admixtures have great influences
on the packing density of the mortar. Theoretically, if the
particle size is smaller than the cement particle size, the
packing density of cementitious material is higher, and the
thickness of “water film” increases. But the actual situation is
not necessarily the case. Because the small particles have
larger specific surface area and greater adhesion to water, the
thickness of “water film” does not necessarily become
greater. SBFS used in this study has a smaller particle size
than SS powder. Therefore, in order to explore the influence
of different components in the composite admixture on the
fluidity, five groups of experiments with different SBEFS
content were set in this section (total content of composite
admixture is 30%). The component of the composite ad-
mixture and the fluidity ratio are shown in Table 2.

Table 2 demonstrates that when the total content of
composite admixture is fixed, the fluidity ratio of mortar
gradually decreases as the content of SBES increases from 0
to 25% of the total amount of the composite mineral ad-
mixture. This indicates that the fluidity of mortar decreases
with the addition of the SBFS. The reason of this is that the
SBFS (639 m/kg) used in this study has a larger specific
surface area and stronger adhesion to water than SS
(455 m*/kg); therefore, the “water film” on the particle
surface is thinner, resulting in the decrease of fluidity.
Although more water is released due to the small particle
size of SBFS, it cannot offset the loss of water film thickness
due to the high specific surface.

3.1.2. Compressive Strength of the Mortar. In order to in-
vestigate the influence of composite admixtures on the
compressive strength, two w/s (0.5 and 0.4) and two total
contents of composite admixtures (20% and 30%) were set.
Additionally, in order to study the effect of SBFS content on
the mortar strength, four groups with different SBFS content
were set. The content of these four groups is the same as S-1,
S-2, S-3, and S-4 in Table 2. The mix proportions of the
mortar are shown in Table 3 (w/s is 0.5) and Table 4 (water-
to-cement ratio is 0.4).

Figure 1 shows that the 3d compressive strength of
mortar mixed with composite admixture is lower than that
of pure cement mortar. This is mainly due to the fact that the
addition of the mineral admixture reduces the cementitious
materials, which can undergo hydration reaction in the early
stage. Therefore, the strength decreases because of less hy-
dration products providing strength in the early stage.
However, with the increase of curing age, the strength de-
velopment of mortar mixed with composite mineral ad-
mixture grows higher than that of pure cement mortar. At

TaBLE 2: The component of the composite admixture and the
fluidity ratio of the mortar for fluidity ratio experiment.

Group SS (%) SBFS (%) Fluidity ratio
SO 100 0 107
S1 90 10 102
S2 85 15 100
S3 80 20 98
S4 75 25 96

TaBLE 3: Mix proportion (w/s is 0.5) of mortar containing com-
posite mineral admixture for compressive strength test (kg).

Group Cement SS SBES Sand Water
Cl1 450 0 0

S1-20% 81 9

S2-20% 76.5 13.5

S3-20% 360 72 18

S4-20% 67.5 22.5 1350 225
S1-30% 121.5 13.5

S$2-30% 315 114.7 20.3

S3-30% 108 27

S$4-30% 101.2 33.8

TaBLE 4: Mix proportion (w/s is 0.5) of mortar containing com-
posite mineral admixture for compressive strength test (kg).

Group Cement SS SBES Sand Water
C1 450 0 0

S1-20% 81 9

S2-20% 76.5 13.5

S3-20% 360 72 18

S4-20% 67.5 22.5 1350 180
S1-30% 121.5 13.5

S2-30% 315 114.7 20.3

S3-30% 108 27

S$4-30% 101.2 33.8

90d, the strength of mortar mixed with composite admix-
ture becomes even higher than pure cement mortar.

The 3d and 28d strength of pure cement mortar reach
41.5% and 81.4% of the 90 d strength, respectively. While the
strengths of 3 d and 28 d of the highest composite admixture
mortar group only account for 38.6% and 78.8% of that of
90d. This indicates that although the early strength of
composite admixture mortar is lower, it shows a better
performance in the later strength development. This can be
explained by the fact that the activity of SS and SBES is lower
than that of cement in early hydration. The main active
components of SS are similar to that of cement, while the
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FIGURE 1: Compressive strength of pure cement mortar and composite admixture mortar (w/s ratio is 0.5). The total content of composite

admixture is (a) 20% and (b) 30%.

hydration rate is lower than cement [15, 16]. The main
component of SBES is amorphous aluminosilicate. These
amorphous phases can react with the Ca(OH),, which is the
byproducts of cement hydration. This reaction produces gel
materials that create bonding on particle interface, en-
hancing mortar strength. The reaction is called “pozzolanic
reaction.” These two minerals react in the later stage, which
improves the later strength of mortar.

Comparing Figures 1(a) and 1(b), it can be found that
when the composition of the composite admixture is fixed,
with the increase of the composite admixture content, the
early strength is lower, but the later strength is higher. This
also indicates that although adding more composite ad-
mixture reduces the early strength, it has little impact on the
90 d strength. This is because at a high w/s ratio (0.5 in this
case), cement particles have enough water to undergo hy-
dration reaction and produce plenty of products to fill the
pores of the paste. Consequently, the weakest position is the
interface between the paste and SS as well as SBFS. With the
development of curing age, SS and SBFS gradually react and
produce cementitious products to enhance their interfaces,
so that the microstructure of the weakest position can be
refined. However, because the total pore structure is mainly
determined by w/s, there is little difference in strength at
90d.

Figure 1 also shows that when the composite admixture
content is fixed, the mortar strength of 3 d gradually grows
with the increase of the content of SBFS. This phenomenon
is not obvious at the later age. The result shows that SBFS can
improve the early strength of mortar compared to SS. The
reason of this is that SBES with a small particle size can fill in
the small pores of cementitious material, therefore im-
proving the compactness of mortar [31, 32]. Besides, the

filling of SBES also releases water in pores so that more water
can be consumed for cement hydration. Thus, the degree of
early hydration of cement is higher. SBES can also promote
the nucleation of C-S-H and the early hydration of cement
[33, 34]. In addition, the activity of SBES is higher than SS. SS
reacts with Ca(OH), at the early age because of its high
specific surface area. The reaction improves the pore
structure of the matrix, which can also enhance the strength
of mortar. This indicates that the addition of SBFS can
significantly mitigate the negative effect of SS on the strength
of mortar at the early age. Therefore, mixing SBFS and SS in
the composite mineral admixture is more efficient and ef-
fective than using only one of them. With the utilization of
this kind of composite mineral admixture, the cement usage
is expected to be reduced.

Figure 2 shows the mortar strength with w/s of 0.4. The
phenomenon of the compressive strength is similar to that with
w/s of 0.5. However, compared with the group w/s of 0.5, the
difference between pure cement mortar and composite ad-
mixture mortar at 3 d is significantly narrowed. This shows that
when the w/s ratio is low, the negative effect of composite
admixture on early strength is less. This can be explained from
two perspectives. (1) When the w/s ratio is low, the space
between particles is small. Although the addition of SS can
reduce the generation of hydration products, the hydration
products of cement are enough to fill the pores between SS and
cement when the reaction degree is high. Therefore, the adverse
effect of SS on pore structure is insignificant. (2) The addition of
SS increases the actual water-to-cement ratio and raises the
degree of hydration. This phenomenon is not obvious when the
water-to-cement ratio is high. However, when the w/s is low, the
water-release effect of SS is more obvious, therefore promoting
the cement hydration.
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FIGURE 2: Compressive strength of pure cement mortar and composite admixture mortar (water-to-solid ratio is 0.4). The total content of

composite admixture is (a) 20% and (b) 30%.

Comparing Figures 2(a) and 2(b), it can also be found
that when the w/s is 0.5, with the development of age, the
tendency of the strength increasing as the content of SBFS
increases becomes less obvious. When the w/s is 0.4, with the
addition of SBFS, the enhancement of strength is still ob-
servable at the 90 d. This shows when the w/s is low, SBES
can not only improve the early mortar strength but also
improve the later mortar strength. When the w/s is 0.5, the
pore structure development is weak. The later strength is
determined by the w/s. The result shows that the composite
mineral admixture is more efficient at a low w/s ratio.

3.2. Compressive Strength of the Ordinary Concrete. Two
different grades of concrete (C30 and C40) were designed. In
order to use cement more efficiently, two types of concrete
with different cement content were also designed for each
grade. The mix proportion of the concrete is shown in
Table 5.

Figure 3 shows the compressive strength of concrete
mixed with composite mineral admixture. It can be seen
from Figure 3 that with the addition of the SBFS, 28d and
90 d strength of concrete are increased. This indicates that
SBFS can increase the compressive strength of concrete,
which is consistent with the compressive strength of mortar.
The reason for that is that the addition of SBFS can improve
the hydration of cement and the pore structure of the matrix.
For C40 concrete, the addition of SBES increases both the
28d and 90d strength. But for C30 concrete, with the ad-
dition of SBFS, the increase in strength of 28 d is greater than
that of 90 d, which is also consistent with the phenomenon of
mortar. This is due to the lower w/s of C40 compared to that
of C30. Therefore, the addition of SBEFS increases the
strength development of the concrete at the lower w/s ratio.

Figure 3 also shows that for the same grade concrete,
when the amount of cement is reduced, the 28d strength
decreases significantly, while the 90d strength has little
difference. This indicates that reducing the cement content
can damage the 28d strength, but improve strength de-
velopment. The results of compressive strength show that
reducing the amount of cement poses a negative effect on
strength at the early age, while increasing the content of
SBES can improve the 28d strength.

3.3. Performance of Self-Compacting Concrete. Two strength
grades (C50 and C60) of self-compacting concrete were
designed in this section to study the feasibility of preparing
self-compacting concrete with composite admixture. Table 6
shows the mix proportion of self-compacting concrete. Self-
compacting concrete is often used in the pouring of mass
concrete. Pure cement concrete (group C) was set as the
control group.

Figure 4 shows the adiabatic temperature rise curve of
C50 self-compacting concrete. The adiabatic temperature
rises of concrete with pure cement, Z1, and Z2 at 7 days are
50.9°C, 45.95°C, and 46.67°C, respectively. The adiabatic
temperature rises of concrete mixed with composite ad-
mixture are lower than that of pure cement concrete. This
shows that the composite admixture of ultrafine slag and
steel slag powder can significantly reduce the adiabatic
temperature rise of concrete.

When the content of SBES is increased, the adiabatic
temperature rise grows higher. This indicates that SBES can
slightly increase the adiabatic temperature rise, which is the
result of the smaller particle size of SBES. The addition of
SBEFS can release the water in the pores, increasing the water
around the cement and thus promoting the early hydration
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TABLE 5: Mix proportion of concrete containing composite mineral admixture for compressive strength test (kg/m?).
Grade Group w/s Cement SS SBES Sand Aggregate Water
S-1 120 30
) 0.47 200 1125 375 780 1035 165
€30 S-3 145 35
S-4 0.45 175 1312 438 790 1025 161
SS-1 120 30
0 $S-2 0.395 250 1125 375 730 1055 158
553 0.385 200 160 20 720 1070 154
SS-4 ’ 150 50
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FiGure 3: Compressive strength of concrete with composite admixture mortar: (a) C30 and (b) C40.
TABLE 6: Mix proportion of self-compacting concrete containing composite mineral admixture (kg/m?).
Grade Group w/s Cement SS SBES Sand Aggregate Water
Z1 128 32
C50 72 0.31 340 120 40 810 890 157
771 144 36
C60 772 0.278 380 135 45 780 880 156

degree of the cement. The larger specific surface area and the
activity of SBES can promote the nucleation of the C-S-H
[32]. In addition, the pozzolanic reaction of SBFS can also
release heat. Figure 4 also shows that the adiabatic tem-
perature rises of group Z2 and ZZ2 are higher than group C
at 1 d. While the adiabatic temperature rises of Z1 and ZZ1 at
1d is lower than pure cement concrete at 1d, the concrete
mixed with higher SBES increases the heat release before 1 d.
This proves that the addition of SBES can improve the early
hydration of cement.

Figure 5 shows the autogenous shrinkage of the self-
compacting concrete. The autogenous shrinkage of

concrete mixed with composite admixture is less than
that of pure concrete because less cement content was
used. For C50 concrete, when the proportion of SBFS is
increased from 20% to 25%, the autogenous shrinkage is
increased by 7.8%. While for C60 concrete, with the
same addition of SBFS, the autogenous shrinkage is
only increased by 2.1%. This indicates that the influence
of the proportion of SBES on the autogenous
shrinkage decreases with the increase of concrete grade,
which can be attributed to the fact that SBFS has better
performance in promoting the hydration of cement at a
low w/s.



Advances in Civil Engineering

C50

80 ~

Temperature (°C)

Temperature (°C)

10
0 T T T T T T )
0 1 2 3 4 5 6 7
Age (d)
— C
— 771
772

(®)

FIGURE 4: Adiabatic temperature rises of the self-compacting concrete: (a) C50 and (b) C60.

10 -
0 T T T T T T 1
0 1 2 3 4 5 6 7
Time (d)
— C
— 71
B
(a)
C50
250 -
= 200 - C
= 72
£ Z1
g 150 -
g
§D 100 4
=t
=1
< 50
0 T T T T T T 1
0 1 2 3 4 5 6 7
Age (d)

(a)

Autogenous strain (ye)

C60
300 c
250 A 772
771
200 A
150 A
100 A
50 A
O T T T T T T T 1
0 1 2 3 4 5 6 7
Time (d)

(®)

FIGURE 5: Autogenous shrinkage of the self-compacting concrete: (a) C50 and (b) C60.

4. Conclusions

In this study, a composite mineral admixture was used to
replace cement. The fluidity and strength of the mortar, the
strength of ordinary concrete, and the adiabatic temperature
rise as well as the autogenous shrinkage of the self-com-
pacting concrete were studied in this paper. The main
conclusions are as follows:

(1) The addition of composite mineral admixture de-
creases the early strength of the mortar. Increasing
the SBFS content of the composite admixture can
reduce degradation of the early strength. This may
contribute to the pozzolanic reaction of SBFS, en-
hancing interface transition zone.

(2) Composite admixture significantly reduces the adi-
abatic temperature rise of self-compacting concrete
up to 7 days. For C50 concrete, the ladiabatic
temperature rise increases with the addition of SBFS
content. While for C60 concrete, the SBFS content
has little effect on adiabatic temperature rise.

(3) Composite admixture significantly influences the
autogenous shrinkage behavior of self-compacting
concrete. The addition of composite admixture re-
duces autogenous shrinkage by 10%-15% for C50
concrete and 15%-20% for C60 concrete, respec-
tively. The reduction effect of SBES content on the
autogenous shrinkage is prominent for C50 concrete
compared to C60 concrete. This may be attributed to
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the reason that SBFS promotes the early hydration of
cement at low w/s in C60 concrete and thus increases
the autogenous shrinkage.
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