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Abstract: Due to the rapid development of industrialization, the recycling and utilization of indus-
trial by-products have received extensive attention. In this paper, binary, ternary, and quaternary
composite cementitious materials were prepared using steel slag, blast furnace slag, and fly ash,
and the effects of different cementitious materials on concrete properties were explored. A variety
of solid wastes were mixed, and batches of concrete with high mechanical properties and dura-
bility were prepared by adjusting the type and amount of cementitious materials used. A total of
15 batches of concrete were prepared and tested for compressive strength, splitting tensile strength,
axial compressive strength, elastic modulus, and drying shrinkage. The test results show that a fly
ash, blast furnace slag powder, and steel slag powder ratio of 1:1:2 produces a concrete with the best
mechanical properties. Among them, the cube compressive strength can reach 62.9 MPa, the splitting
tensile strength is 5.7 MPa, the axial compressive strength and elastic modulus are increased, the
early shrinkage is small, the growth rate is slow, and the 28d concrete shrinkage rate is 4.87 x 10~4.
This new type of green mixed concrete can not only control production costs, but can also reduce
environmental impact and decrease carbon dioxide emissions.

Keywords: multiple cementitious material systems; compressive strength; elastic modulus;
shrinkage; concrete

1. Introduction

Steel slag, fly ash, and blast furnace slag powder, as industrial by-products, have been
used as cementitious materials in concrete. Taking steel slag as an example, Japan produces
14 million tons of steel slag annually, with a utilization rate of 98.4% [1]. Europe produces
21 million tons a year, with a utilization rate of 87% [2]. According to German standards,
97% of the steel slag is used for road base, earthwork springback and other projects [3]. In
the United States, 60.3% of steel slag is used for road base, 10.9% is used for asphalt concrete,
10.8% is used for filler, and 5.0% is used for cement clinker production [4]. In China, the
annual output of steel slag exceeds 100 million tons, but the utilization rate is only 29.5%. In
2016, there was still more than 300 million tons of steel slag untreated in China [5]. A large
amount of solid waste cannot be eliminated; this waste not only occupies land resources,
it also affects the ecological environment [6]. The fine ash collected from flue gas coal
combustion is collectively referred to as fly ash. It has the advantages of fine particle size
and small porosity, and is widely used in the construction industry [7]. The optimal ratio
of fly ash in concrete has long been a topic of interest. Bolomey and Feret equations have
been used to calculate that the best efficiency and maximum strength are achieved when
the pozzolan/cement ratio is 0.28; however, as that ratio increases, the efficiency gradually
decreases [8]. Some scholars have shown through experiments that the optimum content of
fly ash is 40%, and that after this value is exceeded, as the content of fly ash continues to
increase, the concrete strength begins to decrease. The key factor is the ratio of fly ash to
cement [9]. In large engineering structures, to control the temperature rise of concrete, the
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amount of fly ash in concrete can usually reach 15% to 50% of the mass of the cementitious
material [10]. However the high content of fly ash in concrete has caused some concerns;
studies in recent decades have shown that fly ash content of up to 60% can still meet the
relevant properties of the required concrete [11]. Concrete properties and engineering
properties, including strength development, elastic modulus, and drying shrinkage, are
enhanced compared to ordinary silicate concrete [12]. The mechanical strength tests, early
self-shrinkage tests and crack resistance tests of concretes with different fly ash contents
show that adding a certain amount of fly ash has a positive effect on promoting early
crack resistance [13-15]. Additionally, the addition of 20% high calcium fly ash can reduce
the aggregate expansion rate, thereby effectively inhibiting the alkali-aggregate reaction
of concrete [16]. Test results indicate significant improvement in the strength properties
of plain concrete by the inclusion of fly ash as a partial replacement for fine aggregate
(sand), which can be effectively used in structural concrete [17]. For self-compacting fly ash
concrete, the amount of fly ash has little effect on the early strength of concrete but has a
significant effect on the later strength growth rate [18,19]. Blast furnace slag is a by-product
of blast furnace ironmaking, and its main chemical composition is similar to that of natural
ore. Porous amorphous metastable compounds are obtained by water quenching and rapid
cooling treatment, and then blast furnace slag is obtained by grinding. During the water
quenching process of blast furnace slag, the heat energy that is not released is stored in the
material as chemical energy, making it potentially active and showing high activity under
the action of cement hydration or an activator [20,21]. In the field of building materials,
blast furnace slag is mainly used in cement admixture, concrete admixture, and road
construction. Using blast furnace slag powder to replace 90% of cement, the compressive
strength after 28 days is similar to that of conventional concrete, and the elastic modulus,
flexural strength, and splitting tensile strength are slightly lower than those of conventional
concrete [22]. Blast furnace slag powder not only has a high activity index, but with an
increase of the content, the water absorption rate of the concrete increases continuously,
and the workability of the cement mortar is improved [23,24]. Mixing blast furnace slag
with steel slag in a certain proportion can promote the early hydration of cement, and
the active substances in blast furnace slag can weaken the adverse effects of {-CaO and
f-MgO in steel slag [25,26]. The 1:1 mixing of blast furnace slag and steel slag in concrete
can effectively reduce early hydration heat, prolong the setting time, and improve the
strength of concrete [27]. Because the drying shrinkage is related to pore volume, blast
furnace slag can improve pore structure by reducing macropores and increasing fine pores.
As lead to the capillary pore volume increases, the drying shrinkage gradually becomes
larger [28]. Blast furnace slag powder can also improve the durability of concrete, reduce
the permeability of chloride ions by 15%, and improve the carbonization resistance of
concrete by 3% [29].

Steel slag contains mineral components, such as C35S and C,S, which are similar to
Portland cement. Steel slag has the characteristics of high density, high strength, and
strong wear resistance. After certain treatments, it can be used for road laying cushion and
base layer [30]. Studies have shown that under the condition of constant W/B, increasing
the content of steel slag will reduce the compressive strength of concrete, increase the
permeability of concrete, and reduce the carbonization resistance of concrete [31]. The
high replacement rate (10% or 15%) of steel slag powder to cement will lead to a signifi-
cant decrease in compressive strength during the hydration stage. Replacing the mixture
with 4% silica fume (90% cement + 10% steel slag powder) will significantly improve the
mechanical properties of the hardened slurry of the mixture (90% cement + 6% steel slag
powder + 4% silica fume) [32].The smaller pores contained in the steel slag promote better
water absorption, and the f-CaO and f-MgO in the steel slag are easily hydrolyzed with
water, resulting in obvious volume expansion. Because of the poor volume stability of
steel slag, proper aging treatment can improve the volume stability [33]. Under high W/B
conditions, steel slag accelerates drying shrinkage of concrete. Due to the large porosity of
steel slag concrete, the water loss rate is faster. With the continuous increase of steel slag



Buildings 2022, 12, 1543

30f18

content, the drying shrinkage of concrete increases gradually [34]. The composite mineral
admixture of steel slag powder and blast furnace slag mixed into concrete will greatly im-
prove the performance of concrete, show synergy and mutual activation, and can effectively
control the reaction expansion of alkali aggregate and reduce the shrinkage rate by 50% [35].
Using a large amount of steel slag to replace traditional concrete aggregates promotes
good mechanical properties, while the high content of calcium and magnesium oxides in
hydration limits the concrete durability, even under freeze—thaw conditions. Adding a
small amount of air-entraining agent can significantly improve durability [36]. Additionally,
steel slag has a strong CO; sequestration ability, which can consume expansion components
and form carbonized products in a CO,-rich environment [37].

Steel slag, fly ash, and blast furnace slag composites were studied. At the same water-
to-binder ratio, after the composite admixture replaces the cement in the same amount, the
anti-carbonation performance and the anti-chloride ion penetration performance of the
concrete are significantly improved, and the reaction expansion rate of the alkali aggregate
of the concrete is significantly reduced, which can significantly reduce the cementitious
material’s heat of hydration [38]. The composite use of slag with fly ash, steel slag, and
limestone powder can improve the later mechanical properties and chloride ion permeabil-
ity of concrete, while the composite use of fly ash with steel slag and limestone powder can
improve the chloride ion permeability of concrete for 720 days. The composite use of fly ash
has the most obvious improvement on the long-term performance of concrete [39]. Using
fly ash, steel slag, and blast furnace slag as cementitious materials, the effects on cement
hydration mechanical properties and permeability were studied. The results show that the
addition of cement containing blast furnace slag and fly ash can reduce the brittleness and
improve the long-term strength and resistance to chloride ion penetration of concrete [25].
The effects of steel slag, blast furnace slag, and fly ash on the pore structure of cement
paste were studied, and it was found that the mineral admixtures reduced the compressive
strength of cement mortar in the early stage and increased it in the later stage. Adding three
mineral admixtures can improve the pore structure of cement paste, reduce porosity, and
improve pore size distribution [40]. In the development of concrete, the types of mineral
components used are constantly changing; solid waste components are now being used as
cement replacements to realize a new concept in the green development of concrete. This
article discusses the effects of fly ash, slag powder, and steel slag powder on the strength of
concrete at different ages. The optimal mix ratio of multicomponent concrete was studied
by two methods: single admixture and repeated admixture. High-performance concrete
with good durability was prepared, which could not only reduce economic costs, but also
reduce CO, emissions and greenhouse effects, as well.

2. Materials and Methods
2.1. Raw Materials

Zhong Lian brand P-O 42.5 ordinary Portland cement (C) provided by Rizhao Zhong
Lian Port Cement Co., Ltd., (Rizhao, China), was used in this study. The physical properties

of the cement are shown in Table 1. All technical performance indicators conformed to the
GB175-2007 Chinese standard [41].

Table 1. Physical properties of cement.

Setting Time (min)

Desity  Fineness Specific Surface

(g/em®) (%) (m?/kg) Compressive Strength (MPa) Flexural Strength (MPa)

initial setting time
177

final setting time 3d 7d 28d 3d 7d 28d

307

3.0 8.7 372.2
23.0 38.0 47.4 53 55 6.4

In this experiment, fly ash (FA), blast furnace slag powder (GGBS), and steel slag
powder (SSP) were used as mineral admixtures. The three mineral admixtures used in the
experiment are shown in Figure 1. Fly ash (FA) is produced by Hua Neng Group Lai Wu
Power Plant. The physical properties of the fly ash are shown in Table 2.
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Figure 1. The three mineral admixtures used in the experiment.

Table 2. Physical properties of the fly ash.

Water De(roze)md Ratio Fir}i/(r’l)ess Loss or(lo/i;gniting Activity (%) Compre?;i[‘ll)ea )Strength Flexural Strength (MPa)
7d 28d 7d 28d 7d 28d
% 36 12 58.0 98.6 23 46.8 58 6.6
The blast furnace slag powder (GGBS) is produced by Jinan Lu Xin New Building
Materials Co., Ltd. (Jinan, China) The physical properties of the blast furnace slag powder
are shown in Table 3.
Table 3. Physical properties of the blast furnace slag powder.
Density  Fineness Specific Surface Activity Compressive Strength Flexural Strength
(g/cm®) (%) (m?/kg) (%) (MPa) (MPa)
7d 28d 7d 28d 7d 28d
29 06 4212 773 92.0 29.4 437 6.4 77
Steel slag powder (SSP) is produced by Wuhan Iron and Steel Group. The physical
properties of the steel slag powder are shown in Table 4.
Table 4. Physical properties of the steel slag powder.
Density  Fineness Specific Surface Activity Compressive Strength Flexural Strength
(g/cm®) (%) (m?/kg) (%) (MPa) (MPa)
7d 28d 7d 28d 7d 28d
31 193 470 437 53.6 166 25.4 39 6.1

Natural sand produced in Weifang, Shandong province was used for the experiment.
The dust content, apparent density, bulk density, and tight density of the natural sand were
3.9%, 2580 kg/ m?3, 1330 kg/ m?3, and 1460 kg/ m3. Sieve analysis of the natural sand is
shown in Figure 2.

The test uses crushed stone produced in Rizhao, Shandong Province. The elongated
and flaky particle content and crushing value index of the crushed stone were 7.4% and
16.5%. The apparent density, bulk density, and tight density of the crushed stone were
2720 kg/m?>, 1400 kg/m?, and 1550 kg/m3. The sieving residual percentage of the crushed
stone is shown in Table 5.
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Figure 2. Sieve analysis of the natural sand.

Table 5. Sieving residual percentage of the crushed stone.

Square Hole Sieve Side Cumulative Sieving .
Length (mm) Residual Percentage (%) Test Value (%)

S 37.5 ) 0
= 315 . 0
® 26.5 0 0
1 190 0-10 g
= 16.0 - 54
& 9.50 40-80 75
‘ 4.75 90-100 99

2.36 95-100 100

All technical performance indicators of the natural sand and crushed stone conformed
to the ]JGJ52-2006 Chinese standard [42]. The test adopts PCA-I polycarboxylate superplas-
ticizer with a water-reducing rate of 29% manufactured by China Jiangsu Su Bote New
Materials Co., Ltd., (Nanjing, China), for regulating the flow of concrete. The density,
air content, and bleeding rate of polycarboxylate superplasticizer are 1.054g/cm?, 3.4%,
and 38%. The dosage of polycarboxylate superplasticizer was 1.4% by the mass ratio of
all binder materials. The water/binder ratio in this study was 0.4. The fly ash, mineral
powder, and steel slag powder used in the test are mixed into concrete according to a
certain proportion. The design of the test mix ratio refers to the JGJ /T 233-2011 Chinese
standard [43].

2.2. Experimental Design

The total amount of all mineral admixtures remains the same. The experiment was
carried out as follows. The experimental design is shown in Figure 3. The mix proportion
is shown in Table 6.

First, testing group FA was prepared by replacing part of the cement with 10%, 20%,
and 30% fly ash, exploring the early shrinkage and mechanical properties of concrete with
a single mineral admixture. Next, testing group GGBS was prepared based on C70F30; the
amount of cement was kept unchanged. Blast furnace slag powder in amounts totaling
10%, 15%, and 20% of the mixture were added to replace fly ash. The early shrinkage
and mechanical properties of fly ash and blast furnace slag powder concrete were studied.
Finally, the experimental group SSP was prepared based on C70F15G15; the cement content
of 70% was kept unchanged. The blending ratio of fly ash and blast furnace slag powder
was set to 1:1. Steel slag powder was added in amounts equal to a 100%, 75%, 50%, and 25%
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replacement of the fly ash and blast furnace slag powder. Studies were then conducted on
the early shrinkage and mechanical properties of the multi-mineral component concretes.

100 Group FA Group GGBS Group SSP
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Figure 3. Experimental design.

Table 6. Design of concrete mix per cubic meter (kg).

Natural Crushed Water

Type Test Number C FA GGBS SSP Sand Stone Water Reducer
C80F20 340 85 0 0 756 1042 170 6.0
Group FA C70F30 297.5 127.5 0 0 756 1042 170 6.0
C60F40 255 170 0 0 756 1042 170 6.0
C70F20G10 297.5 85 42,5 0 756 1042 170 6.0
Group GGBS C70F15G15 297.5 63.8 63.8 0 756 1042 170 6.0
C70F10G20 297.5 425 85 0 756 1042 170 6.0
C70F0G0S30  297.5 0 0 127.5 756 1042 170 6.0
Group SSP C70F4G4S22 2975 15.9 15.9 95.6 756 1042 170 6.0
C70F8G8514  297.5 31.9 31.9 63.8 756 1042 170 6.0
C70F11G11S8  297.5 47.8 47.8 31.9 756 1042 170 6.0

To ensure the accuracy of the test, the quality of the mixture in Table 6 is rounded to one decimal place, and the
test number is rounded to the nearest whole number.

Group FA, group GGBS, and group SSP all performed early shrinkage and mechanical
properties of concrete tests. The mechanical property test process is described in the GB/T
50081-2019 [44] Chinese standard. The early shrinkage test process is described in the GB/T
50082-2009 [45] Chinese standard.

Taking the test number “C70F11G11S8” as an example, C70 refers to the cement
content of 70%, F11 refers to the fly ash content of 11%, G11 refers to the mineral powder
content of 11%, and S8 refers to the steel slag powder content of 8%.

2.3. Samples Preparation

The specimens of reactive powder concrete were prepared using the following steps.

In this test, a horizontal concrete single-shaft mixer was used for mixing, and the
mixing volume of each tray was 45 L. The sand-gravel was dry mixed for 30 s according to
the mixing ratio, cement and mineral admixtures were added for dry mixing for 60 s, and
high-performance admixtures were added according to the mixing ratio, and the concrete
mixture was mixed for 120 s; then, the concrete was allowed to stand for 10 s before being
poured into the molds. The specimens were sealed with a plastic cloth and kept in a room
environment that had a temperature and relative humidity that was kept at (20 £ 2) °C and
above 40%, respectively, for 1 day. After curing, the specimens were demolded and moved
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to a curing environment with a temperature of (20 &+ 2) °C and a relative humidity above
95%, for curing. The curing process is described in the GB/T 50081-2019 Chinese standard.

2.4. Measurement Methods
2.4.1. Early Shrinkage Test

The early shrinkage of concrete is tested by 100 x 100 x 515 mm size. The specimens
were taken out from the curing environment at the age of 3 days (calculated by the mixing
time of concrete adding water) and placed in a closed environment to determine the initial
length, then each group of three specimens were tested for 3 days, 7 days, 14 days, and
28 days concrete shrinkage rate. The average test results are accurate to 0.1%.

2.4.2. Mechanical Property Test

The YAW-300 microcomputer fully-automatic universal tester, provided by Shang-
hai Hua Long Instrument Equipment Co., Ltd., Shanghai, China, was applied for the
determination of the mechanical property test.

1. Compressive strength The compressive strength of concrete is tested by
100 x 100 x 100 mm size. After curing for 3 days, 7 days, and 28 days in the
curing environment, the specimens are taken out and tested for concrete compressive
strength. There are 3 specimens in each group. The average test results are accurate to
0.1 MPa. The test adopts pressure control, and the test is carried out at 0.5 MPa/s.

2. Splitting tensile strength The splitting tensile strength of concrete is tested by
100 x 100 x 100 mm size. After curing for 3 days, 7 days, and 28 days in the curing
environment, the specimens are taken out and tested for concrete splitting tensile
strength. There are 3 specimens in each group. The average test results are accurate to
0.1 MPa. The test adopts pressure control, and the test is carried out at 0.5 MPa/s.

3. Elastic Modulus The Elastic Modulus of concrete is tested by 100 x 100 x 300 mm
size. After curing for 28 days in the curing environment, the specimens are taken
out and tested for concrete elastic modulus. There are three specimens in each group.
The average test results are accurate to 0.1GPa. The test adopts pressure control, and
the test is carried out at 0.5 MPa/s. First, the initial load of about 0.5 MPa is held
for 30 s, the dry scores on both sides are read, it is then loaded to 30% of the axial
compressive strength, held for about 30 s, and the thousandths on both sides are read
and calculated. The average value of the deformation amount on both sides was
calculated. After reading the indication, the concrete is unloaded to 0.5 MPa for 30 s
at the same speed and the dial indicators on both sides are read, respectively. The
process is repeated three times to determine that the difference between the two sides
of the deformation is not more than 15% of the average value. The above procedure
is repeated, the fourth loading is performed, and the average value of the elastic
modulus is obtained. The early shrinkage and elastic modulus tests of concrete are
shown in Figure 4.
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(b)

Figure 4. Mechanical test of the concrete part. (a) Concrete early shrinkage test; (b) Concrete elastic

modulus test.

3. Results
3.1. Concrete Early Shrinkage Test

Figure 5 is the early shrinkage of concrete.
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Figure 5. Early shrinkage of concrete. (a) Group FA early shrinkage; (b) Group GGBS early shrinkage;
(c) Group SSP early shrinkage.

In group FA, shrinkage at 3 days was essentially the same. At the age of 7 days,
the highest shrinkage rate of C70F30 is 2.54 x 10~%, which is 3.3 x 1075 and 5.0 x 10~°
larger than that of C80F20 and C60F40. The shrinkage rate of concrete at 14 days has an
obvious gradient. The shrinkage rates of C80F20, C70F30, and C60F40 are 3.08 x 1074,
3.43 x 1074, and 3.25 x 1074, respectively. The maximum shrinkage rate of C70F30 in
28 days is 5.09 x 10~*, which differs from C80F20 and C60F40 by 4.6 x 107>, 8 x 10~°.
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In group GGBS, with the increase of mineral powder content, the shrinkage rate of
concrete increases gradually. The shrinkage rates of C70F10G20 at 3 days, 7 days, 14 days,
and 28 days were 2.6 x 1074, 3.83 x 107#,4.83 x 107, and 5.62 x 1074, respectively. The
shrinkage rate of C70F15G15 is smaller and the shrinkage rate of C70F20G10 is the smallest.
The difference between the two is 4.5 x 107>, 7.1 x 1072,3.9 x 107>, and 2.3 x 1072 in
3 days, 7 days, 14 days, and 28 days, respectively.

In group SSP, the growth rate of shrinkage rate of C70F4G4522 reached 150.6% at 7 days
of age, which was 58.4%, 4.7%, and 67.5% higher than that of C70F0G0S30, C70F8G8514, and
C70F11G11S8, respectively. At 14 days, the shrinkage rate of C70F4G4S22 was 5.3 x 1074,
and the difference in shrinkage rate of C70F0G0S30, C70F8G8S14, and C70F11G11S8 was
small. At 28 days, the maximum shrinkage rate of C70F4G4522 is 6.5 x 1074, the shrinkage
rate of C70F11G11S8is 5.5 x 1074, the shrinkage rate of C70F0G0S30 is 5.4 x 104, and the
minimum shrinkage rate of C70F8G8S15 is 4.87 x 10~4.

The nonlinear curve fitting is performed on the early shrinkage of concrete, and the
fitting parameters of the shrinkage change are shown in Table 7.

Table 7. Fitting parameters of concrete early shrinkage curve.

Test

Equation Category Number a b c R?
C80F20 —1.44 —1.62 2.60 0.9998
FA C70F30 —1.61 —1.80 2.57 0.9983
C60F40 —2.07 —1.90 3.10 0.9922
C70F20G10 —8.84 —1.63 1.81 0.9978
y=a—bln(x+c) GGBS C70F15G15 5.09 -131 0.72 0.9848
C70F10G20 8.09 —1.46 0.61 0.9969
C70F0G0S30 —241 —2.32 2.90 0.9926
ssp C70F4G4S23 —2.59 —2.72 2.57 0.9600
C70F8G8S15 -1.72 —2.00 2.38 0.9513
C70F11G11S8  1.61 —1.67 1.03 0.9791

3.2. Concrete Mechanical Properties Test
3.2.1. Compressive Strength

Figure 6 shows the compressive strength of group FA. When the replacement amount
of fly ash is more than 30%, the strength decreases with the increase of the content. Among
them, the C70-F30 group has higher strength. The 3 days, 7 days, and 28 days cube
compressive strengths under standard curing are 30.5 MPa, 45.4 MPa, and 65.7 MPa,
respectively. Compared with the 7 days strength growth rate of 48.9%, the 28 days strength
growth rate was decreased to 44.7%. By comparing the C80-F20 group and the C60-F40
group, it was found that the fly ash replacement rate increased from 20% to 40%, and the
compressive strength of the concrete cubes decreased. The compressive strengths of 3 days
and 7 days differ by 6 MPa and 10.8 MPa, respectively, and the strength of 28 days is the
same, with a difference of 2.1 MPa. In the C80-F20 group, the 7 days intensity growth rate
was 57.6%, and the 28 days intensity growth rate was 32.2%, a decrease of 25.4%. In the
C60-F40 group, the 28 days intensity growth rate increased by 18% compared with the
7 days intensity growth rate, and the 7 days and 28 days intensity growth rates were 51.4%
and 69.4%, respectively.

As shown in Figure 7, in the GGBS group, with the increase of mineral powder content,
the concrete strength gradually increased. Under the standard during 3 days, the strength
of the C70F20G10 group and C70F15G15 group is the same as 26 MPa, and the strength
of the C70F10G20 group is 30.9 MPa. When the curing age increases, the strength shows
an obvious gradient upward trend with the difference in the mineral powder replacement
rate. After 7 days of standard curing, the strengths of the C70F20G10 group, C70F15G15
group, and C70F10G20 group were 35.5 MPa, 42.7 MPa, and 48.1 MPa respectively. The
strong growth rate of the C70F15G15 group was the largest at 64.2%, which was 27.7%
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and 8.5% higher than that of the C70F20G10 group and the C70F10G20 group. Under
the standard curing for 28 days, the maximum strength of the C70F10G20 group reached
60.5 MPa, which was 14.5 MPa and 10.8 MPa different from that of the C70F20G10 group
and C70F15G15 group, respectively. Compared with the 7 days concrete strength growth
rate of 55.7%, the 28 days strength growth rate decreased to 46.6%. The strong growth rate
of the C70F20G10 group on 7 days and 28 days increased from 36.5% to 57.7%.

—a— C80F20
| —+—c70F30
—&— C60F40

3
=3

Compressive strength (MPa)

Curing a7ge (Day)
Figure 6. Group FA Compressive Strength.
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20

w -
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Curing age (Day)

Figure 7. Group GGBS Compressive Strength.

As shown in Figure 8, in the SSP group, when the slag substitution rate is greater than
15%, the strength gradually decreases. Under the standard curing 3 days, the strength is the
same, 30.4 MPa, 30.2 MPa, 29.9 MPa, and 28.3 MPa, respectively. After 7 days of standard
curing, the strength increased rapidly and formed an obvious gradient. The highest strength
of the C70F8G8S14 group reached 62.9 MPa, followed by the C70F11G11S8 group with a
strength of 42.8 MPa, and finally the C70F4G4S22 and C70F0G0S30 groups, which were
40.9 MPa and 38.5 MPa, respectively. The strong growth rate of the C70F8G8514 group
was the largest at 54.2%, which was 2.9% higher than that of the C70F11G11S8 group. The
strongest growth rates of the C70F0G0S30 and C70F4G4522 groups were 26.6% and 35.4%,
respectively, a difference of 8.8%. The 28 days concrete strength continued to increase,
and the C70F8G8514 group reached a peak value of 62.9 MPa, compared with 7 days,
the strongest growth rate decreased to 36.4%. The 28 days compressive strength of the
C70F4G4522 group was 59.2 MPa, which was 3.7 MPa and 6.6 MPa higher than that of the
C70F11G11S8 group and C70F0G0S30 group, respectively. The 28 days strength growth
rate increased to 44.7%, which was 8.6% and 15.5% bigger than that of the C70FOGO0S30
group and C70F11G11S8 group, respectively.
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Figure 8. Group SSP Compressive Strength.

3.2.2. Splitting Tensile Strength

Figure 9a shows the Group FA Splitting tensile strength. In group FA, the splitting
tensile strength of concrete reaches the maximum when the fly ash content is 30%. The
splitting tensile strength of the C70F30 group is much higher than that of the C60F40 group
and the C80F20 group, and the 3 days, 7 days, and 28 days strengths are 4.1 MPa, 5.6 MPa,
and 7.4 MPa, respectively. The splitting tensile strength of the C60F40 group and C80F20
group is similar, the difference in 3 days strength is 0.3 MPa, the 7 days strength is the same,
both are 4.1 MPa, and the 28 days strengths are 5.4 MPa and 5.8 MPa, respectively, with a
difference of 0.4 MPa.

8 8
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Figure 9. Splitting tensile strength of concrete. (a) Group FA Splitting tensile strength; (b) Group
GGBS Splitting tensile strength; (c) Group SSP Splitting tensile strength.

Figure 9b shows the Group GGBS Splitting tensile strength. In group GGBS, with
the increase of mineral powder content, the splitting tensile strength increases gradually.
The splitting tensile strength of the C70F10G20 group was 4.1 MPa higher than that of



Buildings 2022, 12, 1543

12 0f 18

the C70F15G15 group and C70F20G10 group, which were 0.4 MPa and 1.3 MPa higher
than those of the C70F15G15 group and C70F20G10 group, respectively, under standard
curing for 3 days. For 7 days, the splitting strengths of the C70F10G20 group, C70F15G15
group, and C70F20G10 group were 5.6 MPa, 5.3 MPa, and 4.7 MPa, respectively. At 28 days,
the C70F15G15 group and the C70F20G10 group were the same at 6.2 MPa and 6.1 MPa,
respectively, and the C70F10G20 group had a maximum of 7.1 MPa.

Figure 9c shows the Group SSP Splitting tensile strength. In group SSP, with the
increase of the content of steel slag powder, the splitting tensile strength gradually increased,
and the maximum strength reached 6.3 MPa when the content was 22%. The splitting tensile
strengths of C70F0G0S30, C70F4G4522, C70F8G8S14, and C70F11G11S8 were 4.4 MPa,
4.0 MPa, 4.6 MPa, and 3.8 MPa, respectively, under standard curing for 3 days. When
curing for 7 days, C70F0G0S30 is 5.1 MPa, C70F4G4522 is 4.6 MPa, the strength growth
rates are 15.9% and 15%, respectively. For C70F8G8514 and C70F11G11S8, the growth
rates are 4.3% and 5.3% slower, and the splitting tensile strengths are 4.8 MPa and 4.0 MPa,
respectively. After 28 days of curing, the strength of C70F4G4522 was 6.3 MPa, and the
growth rate reached a maximum of 37%. The strengths of C70F0G0S30, C70F8G8514, and
C70F11G11S8 increased to 5.7 MPa, 5.7 MPa, and 5.4 MPa, respectively. Compared with
C70F4G4522, the growth rate was 25.2%, 18.2%, and 2% different.

3.2.3. Elastic Modulus

Table 8 shows the axial compressive strength and elastic modulus of concrete.

Table 8. Axial compressive strength and elastic modulus of concrete.

Test Number Axial Compressive Strength (MPa) Elastic Modulus (GPa)
C80F20 44.6 29.1
C70F30 50.9 29.6
C60F40 41.6 26.6

C70F20G10 44.8 27.7
C70F15G15 48.8 28.5
C70F10G20 52.4 30.1

C70F0G0S30 47.2 29.1

C70F4G4523 474 28.6

C70F8G8515 48.2 28.6

C70F11G11S8 42.8 29.0

In group FA, when the content of fly ash reaches 30%, the maximum axial compressive
strength of C70F30 is 50.9 MPa, which is 6.3 MPa and 9.3 MPa higher than that of C80F20
and C60F40. The highest elastic modulus of C70F30 is 29.6 GPa, which is 0.5 GPa and 3 GPa
different from that of 20% and 40%.

In group GGBS, with the increase of mineral powder content, the elastic modulus
gradually increased and reached a peak at 20% mineral powder content. The elastic
modulus of C70F10G20 is 30.1 GPa, which is 2.4 GPa higher than that of C70F20G10 and
1.6 GPa higher than that of C70F15G15. The maximum axial compressive strength of
C70F10G20 is 52.4 MPa, which is 7.6 MPa and 3.6 MPa higher than that of C70F15G15 and
C70F20G10, respectively.

In group SSP, when the mixing ratio of fly ash, mineral powder, and steel slag powder
is 1:1:2, the maximum axial compressive strength of C70F8F8515 is 48.2 MPa, and the
elastic modulus is 28.6 GPa. The C70FOF0S30 axial compressive strength is 47.2 MPa, the
elastic modulus is 29.1 GPa, which is 0.2 MPa lower than the C70F4F4522 axial compressive
strength, 0.5 GPa higher elastic modulus, 4.4 MPa higher than the C70F11F11S8 axial
compressive strength, and 0.1 GPa difference in elastic modulus.

In the concrete axial compression test, due to the insufficient stiffness of the compres-
sion tester, when the load exceeds the peak load, the press rapidly releases the accumulated
energy, causing the specimen to be destroyed instantaneously, and the curve cannot record
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the descending section. Taking C70F10F20 with the highest axial compressive strength as
an example, Table 9 shows the peak stress—strain results of axial compressive strength, and
Figure 10 shows the stress—strain curve.

Table 9. Axial compressive strength and elastic modulus of concrete.

Test Number

Peak Strain emax  Peak Stress omax

Strain at the Stress at the
Limit Point of Elastic Segment ¢ Limit Point of Elastic Segment o

C70F10G20-1 55.97 34.59 44.78
C70F10G20-2 48.58 42.78 43.56
C70F10G20-3 50.38 33.43 42.44
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Figure 10. C70F10G20 group concrete stress-strain curve.

In the axial compression test of the concrete specimen, the stress—strain curve can be
divided into an ascending section and a descending section, of which the ascending section
can be divided into two stages. Take the specimen C70F10G20 as an example:

The first stage of rising is the elastic stage. The stress—strain curve grows almost
linearly, and the crack is in a stable period under axial pressure. The aggregate and
the matrix are slightly deformed, the microcracks in the bonding interface gradually
develop, and new cracks appear in some internal pores. In Figure 10, the elastic limit points
(42.78, 43.56) correspond to 0.84 times the peak strain.

The second stage of rising is the plastic stage. After the limit elastic point, the stress—
strain curve shows a nonlinear upward curve. As the load continues to increase, the cracks
in the concrete continue to develop and extend, and visible cracks appear on the surface
of the specimen. When the stress reaches its maximum value, the strain reaches its peak
value, corresponding to the peak strain point (50.63, 48.58) in Figure 10.

The third stage is the descending section of the stress—strain curve. With the continuous
application of the load, penetration cracks develop on the specimen, forming macroscopic
fracture failure, and the interface cracks lead to frictional slippage between the matrix and
the aggregate. The load on the specimen is counterbalanced by the frictional resistance
on the shear plane and the residual adhesive force, and the residual bearing capacity
decreases slowly.

Because concrete is an inhomogeneous material, the failure modes of axial compression
are diverse, including shear failure, split failure, surface peeling, local crushing, etc. The
failure modes of some specimens are two or more combined failures. Taking C70F10G20 as
an example, Figure 11 shows C70F10G20 group concrete axial compression failure.
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Surface peeling |

Figure 11. C70F10G20 group concrete axial compression failure. (a) Splitting damage, surface peeling;
(b) Shear failure, local collapse; (c) Split failure, shear failure.

4. Discussion
4.1. Effect of Fly Ash on Concrete Mechanics and Shrinkage

It can be seen from Figure 6 that the compressive strength of concrete increases
gradually with age when the amount of fly ash remains unchanged. The morphological
effect of fly ash and the effect of fly ash microaggregate reduce the strength of concrete
mixed with fly ash in the early stage. At the same age, the compressive strength of concrete
mixed with fly ash first increases and then decreases with the increase of fly ash content.
When the content of fly ash is between 20% and 30%, its effect is more significant. When
the content of fly ash is 30%, the compressive strength of concrete reaches a maximum of
65.7 MPa; when the content of fly ash exceeds 30%, the compressive strength gradually
decreases. Fly ash can convert the cement hydration product Ca(OH); to C-S-H. As the
cement content of the concrete decreases, the hydration products will decrease; therefore,
the amount of Ca(OH); and C-S-H generated will decrease, and the compressive strength
of the concrete will decrease accordingly [8]. At 28 days, the axial compressive strength
of concrete increases firstly with the increase of fly ash content, the peak value reaches
50.9 MPa (30% fly ash content), and then decreases rapidly; when the fly ash content is 40%,
the axial compressive strength is 41.6 MPa. The general change trend of the elastic modulus
of concrete is the same as that of the axial compressive strength. When the content of fly
ash is 30%, its maximum value is 29.6 GPa. The reason is that the microaggregate effect of
fly ash fills the voids in the concrete. The active effect accelerates the hydration reaction of
concrete, making the overall stiffness of the concrete larger, and the strength and elastic
modulus also increase [12].

At 3 days, the hydration rates of concrete with different fly ash contents were the same.
With the deepening of cement hydration and the filling effect of fly ash, the compactness of
the internal structure of the concrete mixed with fly ash is significantly improved, and the
elastic modulus is greatly improved. In the 3-day and 7-day age range, the hydration rate
of concrete with different fly ash content is the same, and the shrinkage growth rate shows
no significant difference. After 7 days, the fly ash particles participate in the hydration, the
volume increases, and the surrounding cement hydration products are squeezed, making
the original, relatively loose C-5-H change, improving the compactness of the cement stone-
hardened body structure. The fly ash hydration process consumes the cement hydration
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product Ca(OH),, reduces the content of large particles of Ca(OH), crystals between the
aggregate interface and the cement stone, and improves the uniformity and compactness
of the interior of the concrete [46,47]. When the content of fly ash exceeds 30%, the filling
and compacting effect caused by the “morphological effect” of fly ash particles offsets part
of the reduction in the early hydration degree of fly ash. Therefore, when the content of fly
ash exceeds 30%, its reducing effect on shrinkage is weakened.

4.2. Effects of Fly Ash and Blast Furnace Slag Powder on Concrete Mechanics and Shrinkage

The compounding of fly ash and mineral powder can improve the strength of concrete.
Under the same mixing ratio, with the increase of age, the strength of concrete increases
continuously. When slag powder and fly ash are mixed at a 2:1 ratio, the compressive
strength of concrete reaches 60.5 MPa. With the continuous increase of the amount of
mineral powder, the activity of the concrete continues to increase, and the aggregate
reaction continues to increase, which has an obvious effect on the improvement of the early
strength. Incorporating an appropriate amount of fly ash and slag powder into the cement
can effectively reduce the porosity of the cementitious material system, form good mutual
filling between different particles, and can effectively improve the mechanical properties of
concrete [48].

Figure 5b reflects the effect of fly ash and slag micro powder on the drying shrinkage
of concrete. It can be seen from the figure that as the content of slag micro powder increases,
the dry shrinkage value also increases. The shrinkage of concrete in the early stage is
relatively large, and then it tends to be stable. This may be caused by the fast hydration rate
of slag powder in the early stage, more pores in the cement stone, and faster evaporation
of capillary water. In the range of 20% of the content, the dry shrinkage value increases
with the increase of the content. This is because the fineness of the slag micropowder is
larger than that of the cement particles, which plays the role of particle gradation and has
a faster hydration speed, filling the pores in the cement stone [49]. When the dosage is
further increased, due to the larger specific surface area of the slag, the amount of surface
water in the system increases, thus increasing the amount of drying shrinkage.

4.3. Effects of Various Mineral Admixtures on Concrete Mechanics and Shrinkage

When the content of steel slag powder is 15%, the strength of the concrete is greatly
improved, and the compressive strength is 62.9 MPa; but when the content exceeds 15%,
the compressive strength is reduced to 55.3 MPa. Steel slag powder contains the same
components as cement, C;S, and C3S. In the process of concrete hardening, the early
hydration activity of steel slag micropowder is relatively high, but when the steel slag
powder is finely ground, there are a lot of defects on the particle surface, and the activity
has been exerted to a certain extent. When the steel slag powder is matched with fly ash and
slag micro powder, the characteristics of the mineral admixture can be well exerted. The
early compressive strength of concrete is relatively high, and the later strength development
is stable. The f-CaO in the steel slag powder can better stimulate the activity of fly ash and
slag micro powder [50].

In the multicomponent cementitious material system, due to the different activities of
various mineral components, the early hydration is dominated by mineral powder and steel
slag powder, the reaction is severe, the concrete shrinks and deforms greatly, the shrinkage
rate increases rapidly, and the fly ash hydration occurs in the later stage. In the secondary
hydration reaction, the fly ash hydration rate is slower and the reaction is more thorough.
The cementitious material can better fill the internal pores of the concrete, improve the
compactness, and reduce the evaporation of free water, thereby reducing the shrinkage and
deformation of the concrete. It can be seen from Figure 5c that the shrinkage rate of concrete
mixed with steel slag powder is generally larger, and the shrinkage rate becomes larger as
the amount of steel slag powder increases. At 8% and 30%, the shrinkage of concrete at
28 days gradually becomes similar. At the age of 28 days, the shrinkage ratio of concrete
mixed with 28% steel slag powder is the highest, the shrinkage ratio is 6.47 x 10~%, and the
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shrinkage ratio of concrete mixed with 14% steel slag powder is 4.87 x 10~%, which is the
smallest. This is mainly due to the low activity of the steel slag powder in the early stage;
f-CaO and {-MgO did not have an effective shrinkage effect on concrete under the condition
of sufficient grinding. Therefore, when steel slag powder, slag micro powder, and fly ash
are used in concrete, the workability of the concrete can be improved, the hydration heat
release of the cementitious material system can be reduced, and the later strength growth
can be larger. At the same time, the Ca(OH), generated by the hydration reaction of the
steel slag can stimulate the activity of the slag micro powder. The slag micro powder can
eliminate the defects of f-CaO and {-MgO in the steel slag and improve the stability of the
concrete improved [51].

4.4. Economic Cost and Carbon Emissions Calculation

In order to analyze the impact of the replacement of parts of cement by steel slag pow-
der, blast furnace slag powder, and fly ash on concrete production costs and environmental
benefits, a simple assessment is made. Since there are some differences in the prices of
materials in different places, the prices calculated in this section of the economic evaluation
are considered with reference to the local prices of the materials selected in this experiment.
Table 10 lists the carbon emissions and raw materials cost (based on the data in China) [52].

Table 10. Carbon emission and material cost for each component of blended cement.

Materials CO; Emission (kg/kg) Cost (RMB/ton)
C 470 0.93
FA 170 0.083
GGBS 234 0.008
SSP 200 0.218

Comparing all test groups, it is found that, except for the C60F40 group, the cost of
the other test groups is not as low as that of the SSP group. However, the large amount of
fly ash in C60F40 is not conducive to the development of concrete early strength and does
not meet the requirements of concrete construction. Comparing the CO;, emissions of the
SSP group, we found that when the mixing ratio of fly ash, blast furnace slag powder, and
steel slag powder is 1:1:2, the concrete emits lower CO,, which can reduce the burden of
CO; production on the environment

5. Conclusions

(1) When the ratio of steel slag, blast furnace slag, and fly ash is 1:2:1, the mechanical
properties of concrete prepared by replacing 30% of the cement are better than other ratios.
The 28-day compressive strength of concrete was 62.9 MPa and the axial compressive
strength was 48.2 MPa, but the splitting tensile strength and static elastic modulus de-
creased. However, with a gradual increase in the amount of steel slag, the performance of
concrete gradually decreased.

(2) Under the same water-binder ratio, the steel slag, blast furnace slag, and fly ash can
be tightly packed by adjusting the mixing ratio. After replacing the cement with the same
amount of composite mineral admixture, not only is the pore size distribution improved
and the gap between the powders reduced, but the shrinkage and deformation of the
concrete are reduced, as well. At this time, the minimum drying shrinkage of concrete in
28 days is 4.87 x 107%.

(3) Mixing steel slag, blast furnace slag, and fly ash in a certain proportion not only
produces concrete with good mechanical properties, it also makes the cost price controllable,
significantly reduces carbon dioxide emission, and improves the impact on the environment.
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