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Abstract: In this study, activator, metakaolin, and silica fume were used as a compound activator to
improve the activity of steel slag powder. The influence of activator, steel slag powder, metakaolin,
and silica fume on the resulting strength of steel slag cement mortar was investigated by orthogonal
experiments. For four weight fractions of steel slag powder (10%, 20%, 30%, 40%), the experimental
results indicate that the compressive strength of mortar can reach up to more than 85% of the control
group while the flexural strength can reach up to more than 90% of the flexural strength of the
control group. Through orthogonal analysis, it is determined that the activator is the primary factor
influencing the mortar strength. According to the result of orthogonal analysis, the optimal dosages
of activator, steel slag powder, metakaolin, and silica fume are suggested. The GM (0, N) prediction
model of compressive strength and flexural strength was established, and the compressive strength
and flexural strength of mortar with the optimal dosage combinations were predicted. The prediction
results show that by using the optimal dosage combination, the mortar strength can reach the level of
P·O·42.5 cement. Considering the different strength and cost requirements of cementitious materials
in practical engineering, the economic benefits of replacing cement with steel slag powder activated
by compound activator in various proportions and equal amounts were presented. The results show
that the method proposed in this study can reduce the cost of cementitious materials.

Keywords: steel slag powder; compound activator; mortar strength; orthogonal experiment; GM (0, N) model

Highlights:

• A method for using a compound activator to improve the activity of steel slag powder
is proposed.

• The optimal dosage combination of activator, steel slag, metakaolin, and silica fume is
suggested.

• The economic benefit analysis is carried out on the steel slag powder activated by the
compound activator to replace part of the cement.

1. Introduction

Steel slag is a byproduct of steel production, which accounts for about 15% of the mass
of steel production [1–3]. In China, the generation of steel slag is huge, whereas the total
utilization rate is low [4]. The accumulation of steel slag not only takes up a lot of land but
also pollutes the surrounding environment [5]. Therefore, it is imperative to improve the
utilization of steel slag [6–8]. The composition of steel slag is similar to that of cement, and
as such, it has the potential of replacing cement as a cementitious material. If steel slag can
be effectively used in the cement industry, it will benefit the solid waste utilization, energy
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conservation, and environmental protection [9–13]. However, the inherent low activity of
steel slag restricts its application in the cement industry [14–16].

In order to address this issue, researchers have been employing different methods to
improve the activity of steel slag. Commonly used activation methods include physical
activation, chemical activation, thermal activation, and steel slag restructuring. The physi-
cal activation method increases the specific surface area of the steel slag by grinding the
steel slag into ultra-fine powder by using a ball mill, thereby increasing the hydration rate.
Zhu et al. [17] used a grinding aid mixed with sulfonate, alcohol, and metaphosphoric to
grind steel slag, which increased the early hydration rate of steel slag. Altun et al. [18]
ground steel slag to 4000 cm2/g and 4700 cm2/g specific surface area and used 30% of it
to replace Portland cement in mortar preparation which led to the 28-days compressive
strength of mortar to be 38.5 MPa and 45.8 MPa, respectively. Chemical activation enhances
the activity of steel slag by changing the mineral formation process, primarily including
alkali activation and acid activation [19–21]. Peng et al. [22] used water glass as a steel slag
activator, and the 28-days compressive strength of the mortar with 40% steel slag dosage
reached 51.4 MPa. Sun et al. [23] used water glass to activate the steel slag activity, and the
results showed that the pore structure of hardened cement paste was more compact than
that of the steel slag paste activated by sodium silicate, while the compressive strength of
alkali–activated steel slag hardened pastes was only 30–40% of the strength of ordinary
cement pastes. Huo et al. [20,24] used phosphoric acid and formic acid to activate the activ-
ity of steel slag, and research result showed that the compressive strength of the activated
steel slag pastes significantly improves at 3 days and 7 days ages. Zhang et al. [25] used
water glass, industrial residues, and a mixture of sodium hydroxide, calcium oxide, and
alum as the compound activator for steel slag; and the 28 days compressive strength of
steel slag blended cement was reported as 47.7 MPa. Du et al. [26] used dihydrate gypsum
and silica fume as steel slag compound activator in a ratio of 1:4, which greatly improved
the strength of steel slag cementitious materials at the early and late ages. Thermal activa-
tion can depolymerize the vitreous phase in the steel slag, thereby increasing the activity.
Lin et al. [27] investigated the effect of using thermally activated steel slag-fly ash-gypsum
system (the autoclave temperature was 100 °C). It was shown that the 28 days compressive
strength reached 46.8 MPa and 43.5 MPa for the pretreatment material dosages of 35% and
40%, respectively. Steel slag reconstruction is the addition of different materials to adjust
the chemical composition of steel slag to cause a chemical reaction at high temperature
for absorbing free calcium oxide to generate reactive substances such as dicalcium silicate,
tricalcium silicate, tricalcium aluminate, which improved the activity of steel slag. Kang
et al. [28] mixed basic oxygen furnace steel slag and electric arc furnace steel slag in an
appropriate ratio and reheated these at a high temperature in the laboratory, which sig-
nificantly improved the activity of steel slag. Yin et al. [29] reconstructed the steel slag by
reducing FeOx to improve the hydraulic activity of the steel slag, and the result confirmed
that the activity index was 92% when direct reduction slag replaced the cement with a
mass ratio of 30%. Zhao et al. [30] reconstructed the steel slag by adding electric furnace
slag and fly ash to the converter steel slag. The compressive strength of the paste with 30%
reconstructed steel slag dosage could reach 99.9% of that for the pure cement paste. Many
studies have shown that the physical activation takes a long time and has little effect on the
activity of steel slag at a later age. Also, the cost of the chemical activator is much higher
than the other methods. Whereas steel slag reconstruction can improve its activity to a
certain degree, it still lags behind the cement clinker. Other methods can also improve the
activity of steel slag, but these are still in the experimental stage [31,32].

There are many researches on chemical alkaline activation methods, but alkaline
activation has high cost. Therefore, the compound activator composed of neutral materials
(some salts such as sodium sulfate, sodium aluminate, and some mineral admixtures such
as silica fume) was used to activate the activity of steel slag powder in this paper, and the
optimal dosage of each component of compound activator in cementitious material was
determined through experiments. A grey prediction model GM (0, N) was established to
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predict the strength of steel slag cement mortar with the optimal dosage of each component.
The effectiveness of the proposed activation method was verified by the test results and
the model prediction results. Furthermore, considering the different requirements of
engineering for cementitious materials, economic benefit analysis is carried out for different
mix proportions to check whether the proposed method will reduce the cost of cementitious
materials and the extent of reduction to provide basis for engineering.

2. Experimental and Methods
2.1. Raw Materials

Seven different kinds of raw materials were used in the experimental program of this
study: cement, sand, steel slag powder, activator, metakaolin, silica fume, and water. The
cement was P·O·42.5 Portland cement with an apparent density of 3150 kg/m3. The sand
used in the study was ISO standard sand. The steel slag powder was produced by Taiyuan
Iron & Steel Group Co., Ltd. in Taiyuan, China, with a specific surface area of 450 m2/kg.
The activator was composed of various materials, and the corresponding components
and mass percentages are shown in Table 1. Water quenched slag and stone powder in
the activator can accelerate the hydration reaction. In addition, the particle size of water
quenched slag is larger than that of steel slag powder, so the water quenched slag can be
combined with steel slag powder to optimize the grading. Metakaolin was obtained by
calcining kaolin at 700 °C for 24 h. Silica fume was purchased from the market with a
density of 2.3 g/cm3. Ordinary potable water was used as well. The chemical compositions
of cement, steel slag powder, metakaolin, and silica fume are shown in Table 2, while the
particle size distribution is given in Figure 1. The actual samples of cement, steel slag
powder, activator, metakaolin, and silica fume are shown in Figure 2.

Table 1. Components of activator (wt %).

Silica Fume Sodium
Aluminate

Sodium
Sulfate

Sodium
Tripolyphosphate

Water
Quenched Slag

Desulfurization
Gypsum Stone Powder

6.25 0.63 1.25 0.62 21.25 3.13 66.87

Table 2. Main chemical compositions of materials (wt %).

Composition SiO2 Al2O3 Fe2O3 CaO SO3 MgO Na2O MnO K2O

Cement 19.31 5.86 3.15 60.33 4.42 3.03 0.12 - 1.13
Steel slag powder 14.24 1.94 19.69 46.19 - 10.06 - 1.36 -

Metakaolin 55.36 35.46 1.83 0.54 - 0.03 0.04 - 0.26
Silica fume 91.33 0.85 0.57 0.47 0.47 1.55 0.42 - 1.38
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tor, steel slag powder, metakaolin and silica fume were taken as four factors. The dosage 
of each factor was set at several levels according to the mass percentage of cementitious 
material. Due to the low activity of steel slag powder itself, the activation method is diffi-
cult to have a good influence on the strength of steel slag cement mortar with excessive 
steel slag powder dosage, so the dosage of steel slag powder is set to 10%, 20%, 30%, and 
40%, a total of four levels. Al2O3 in metakaolin can accelerate the hydration reaction of 
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2.2. Mix Proportions

The experimental design method is often chosen according to the experimental pur-
pose [33–35]. In order to study the influence of various factors on the mortar strength, the
orthogonal method was adopted for designing the experimental mix proportions. Activa-
tor, steel slag powder, metakaolin and silica fume were taken as four factors. The dosage
of each factor was set at several levels according to the mass percentage of cementitious
material. Due to the low activity of steel slag powder itself, the activation method is
difficult to have a good influence on the strength of steel slag cement mortar with excessive
steel slag powder dosage, so the dosage of steel slag powder is set to 10%, 20%, 30%, and
40%, a total of four levels. Al2O3 in metakaolin can accelerate the hydration reaction of
SiO2 in cementitious materials, so as to improve the strength of steel slag cement mortar. A
small amount of metakaolin can have positive effect on the strength of steel slag cement
mortar, so the dosage of metakaolin is set at four levels: 5%, 10%, 15%, and 20%. The silica
fume can improve the strength of steel slag cement mortar, but excessive dosage will lead
to high cost, so the silica fume dosage is set at 4 levels: 2%, 4%, 6%, and 8%. Level details of
factors are shown in Table 3. According to the orthogonal design method, sixteen groups
of mix proportions were designed. Another group of pure cement mortar specimens was
also designed as the control group for comparative study. The mix proportions are given
in Table 4.

Table 3. Level details of factors (wt %).

Dosage Level
Factor

Activator Steel Slag Powder Metakaolin Silica Fume

1 5 10 5 2
2 10 20 10 4
3 15 30 15 6
4 20 40 20 8
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Table 4. Mix proportions (g).

Experimental
Group Activator Steel Slag Powder Metakaolin Silica Fume Cement Sand Water

G0 0 0 0 0 450 1350 225
G1 22.5 45 22.5 9 351 1350 225
G2 22.5 90 45 18 274.5 1350 225
G3 22.5 135 67.5 27 198 1350 225
G4 22.5 180 90 36 121.5 1350 225
G5 45 45 45 27 288 1350 225
G6 45 90 22.5 36 256.5 1350 225
G7 45 135 90 9 171 1350 225
G8 45 180 67.5 18 139.5 1350 225
G9 67.5 45 67.5 36 234 1350 225

G10 67.5 90 90 27 175.5 1350 225
G11 67.5 135 22.5 18 207 1350 225
G12 67.5 180 45 9 148.5 1350 225
G13 90 45 90 18 207 1350 225
G14 90 90 67.5 9 193.5 1350 225
G15 90 135 45 36 144 1350 225
G16 90 180 22.5 27 130.5 1350 225

2.3. Test Methods

The mortar was mechanically mixed by a mixer. Before mixing, the activator and
steel slag powder was mixed uniformly. Then, metakaolin, silica fume, and cement were
gradually added to obtain the cementitious materials mix, and the mixing was further
continued. The mixing is done according to the following steps. First, water was added to
the mixing pot followed by the addition of all the cementitious materials. The machine was
started and the materials in the pot were slowly mixed at low speed for 30 s. The sand was
uniformly added after 30 s, and the mixing was continued at high speed for an additional
30 s after the sand was fully added. The mixing was stopped for 90 s, and a rubber scraper
was used to scrape off the paste on the blade and the wall of the mixing pot. Then, it was
further mixed at high speed for 60 s. The detailed mixing procedure is shown in Figure 3.
The mortar should be formed immediately after preparation. The specimens were cast in
three connected test molds, each having a size of 40 mm × 40 mm × 160 mm. The mortar
should be put into the test molds in two layers, and a vibrating table should be used for
vibrating the layers. Each time it was vibrated 60 times. Then, the mortar molds were put
into a curing box with humidity of 95% and a temperature of 20 ◦C for curing. After 24 h,
the demolding was done, and the test block was cured for 180 days under standard curing
conditions. Then, the mechanical properties of mortar were tested according to GB/T
17671-1999 [36]. The flexural strength testing machine is an electric flexural testing machine
model DKZ-5000 with 5 kN measuring range, manufactured by Wuxi Jianyi Instrument
& Machinery Co., Ltd. in Wuxi, China. Load control was selected as the test procedure
of flexural strength, and the loading rate was 50 N/s. The compressive strength testing
device is Hualong universal testing machine model WAW-600 with 600 kN measuring
range, manufactured by Shanghai Hualong Test Instrumens Co., Ltd. in Shanghai, China.
Load control was selected as the test procedure of compressive strength, and the loading
rate was 2500 N/s.
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2.4. GM (0, N) Prediction Model

In practice, we often encounter problems such as the lack of data, grey characteristics
of the data itself, and the need to consider the correlation between predictive variables and
multiple factors [37,38]. Grey system theory provides a method to solve such problems.
GM (0, N) and GM (1, N) are common multi-factor grey prediction models [39,40]. GM (1,
N) is a little complicated because it involves the first-order differentiation, whereas the GM
(0, N) model is relatively simple to establish as it has high prediction accuracy [41,42]. The
establishment of the GM (0, N) model is as follows [42]:

Take X(0)
1 =

(
x(0)1 (1), x(0)1 (2), · · · , x(0)1 (n)

)
as the system characteristic data sequence, and

X(0)
2 = (x(0)2 (1), x(0)2 (2), · · · , x(0)2 (n))

X(0)
3 = (x(0)3 (1), x(0)3 (2), · · · , x(0)3 (n))

· · ·
X(0)

N = (x(0)N (1), x(0)N (2), · · · , x(0)N (n))

as the relative factors data sequences. X(1)
i is the 1-AGO sequence of X(0)

i (i = 1, 2, ···, N),
then call

x(1)1 (k) =
N

∑
i=2

bix
(1)
i (k) + a (1)

as the GM (0, N) model.

B =


x(1)2 (2) x(1)3 (2) · · · x(1)N (2) 1
x(1)2 (3) x(1)3 (3) · · · x(1)N (3) 1

...
...

...
...

x(1)2 (n) x(1)3 (n) · · · x(1)N (n) 1

, Y =


x(1)1 (2)
x(1)1 (3)

...
x(1)1 (n)


Then the least-squares estimate of the parameter column

∧
b = [b2, b3, · · ·, bN , a]T is

∧
b = (BTB)

−1
BTY (2)
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3. Analysis of Results

The 180 days compressive strength and flexural strength test results of the control
group G0 (pure cement mortar specimens) are 48.0 MPa and 9.2 MPa, respectively. The
orthogonal experimental results are shown in Table 5.

Table 5. Orthogonal experimental results of mechanical properties.

Experimental
Group

Activator
(%)

Steel Slag
Powder

(%)

Metakaolin
(%)

Silica
Fume (%)

Compressive
Strength

(MPa)

Flexural
Strength

(MPa)

G1 5 10 5 2 43.4 8.2
G2 5 20 10 4 37.2 7.8
G3 5 30 15 6 45.6 8.3
G4 5 40 20 8 44.6 7.9
G5 10 10 10 6 44.2 8.8
G6 10 20 5 8 40.6 8.7
G7 10 30 20 2 29.8 7.4
G8 10 40 15 4 28.4 7.6
G9 15 10 15 8 47.9 8.2
G10 15 20 20 6 24.3 3.0
G11 15 30 5 4 31.1 3.7
G12 15 40 10 2 29.0 8.4
G13 20 10 20 4 16.0 4.0
G14 20 20 15 2 14.5 2.5
G15 20 30 10 8 12.5 2.4
G16 20 40 5 6 11.5 2.2

The compressive strength test results are shown in Table 5 and Figure 4a. When
the steel slag powder dosage is 10%, the mix proportion G9 has the highest compressive
strength (47.9 MPa). The dosages of activator, metakaolin, and silica fume are 15%, 15%,
8%, respectively. When the steel slag powder dosage is 20%, the compressive strength
of the mix proportion G6 is the highest (40.6 MPa), and the corresponding dosages of
activator, metakaolin, and silica fume are 10%, 5%, and 8%, respectively. When the steel
slag powder dosage is 30%, the mix proportion G3 has the highest compressive strength
(45.6 MPa), and the corresponding dosages of activator, metakaolin, and silica fume are 5%,
15%, and 6%, respectively. Furthermore, when the steel slag powder dosage is 40%, the
mix proportion G4 has the highest compressive strength (44.6 MPa), and the corresponding
dosages of activator, metakaolin, and silica fume are 5%, 20%, and 8%, respectively. As
shown in Figure 4a, with the change of dosage of steel slag powder (10–40%), the highest
compressive strength at each dosage level is more than 85% of the compressive strength of
the control group. As shown in Figure 4a, the compressive strength of steel slag cement
mortar shows an overall trend of decline from G1 to G16, while the dosage of activator
(5–20%) is gradually increasing. The reason why the strength of steel slag cement mortar
decreases may be that the content of stone powder increases with the increase of the
activator dosage, and excessive stone powder will have negative effect on the strength of
steel slag cement mortar. G9 is the mix proportion with the highest compressive strength
among 16 mix proportions. The reasons may be divided into two aspects. On the one
hand, the dosage of steel slag powder (10%) is relatively low, and the negative effect of
low activity of steel slag powder on steel slag cement mortar is relatively small. On the
other hand, it may be related to the relatively large dosage of metakaolin (15%) and silica
fume (8%). SiO2 in metakaolin and silica fume hydrate to form calcium silicate, which
improves the compressive strength. In addition, it is difficult to identify the main cause in
the condition of many factors, and further analysis is needed to determine the cause.

The flexural strength test results are given in Table 5 and Figure 4b. When the steel slag
powder dosage is 10%, the mix proportion G5 has the highest flexural strength (8.8 MPa),
and the corresponding dosages of activator, metakaolin, and silica fume, are 10%, 10%,



Crystals 2021, 11, 658 8 of 18

and 6%, respectively. When the steel slag powder dosage is 20%, the mix proportion G6
has the highest flexural strength (8.7 MPa), and the dosages of activator, metakaolin, and
silica fume are 10%, 5%, and 8%, respectively. At 30% dosage of steel slag powder, the mix
proportion G3 has the highest flexural strength (8.3 MPa), and the corresponding dosages
of activator, metakaolin, and silica fume are 5%, 15%, and 6%, respectively. When the
steel slag powder dosage is 40%, the mix proportion G12 has the highest flexural strength
(8.4 MPa), and the corresponding dosages of activator, metakaolin, and silica fume are 15%,
10%, and 2%, respectively. As shown in Figure 4b, with the change of steel slag powder
dosage (10–40%), the highest flexural strength at each level of dosage is greater than 90% of
the flexural strength of the control group. As shown in Figure 4b, there is little difference
in the flexural strength of steel slag cement mortar of G1–G9, and the flexural strength of
G10, G11, G13, G14, G15, and G16 is relatively low, while the flexural strength of G12 is
relatively high. Similar to the compressive strength, it is difficult to find out the influence
law of each factor only from the test results, and further analysis is needed to determine
the cause.

Crystals 2021, 11, x FOR PEER REVIEW 8 of 18 
 

 

15%, and 6%, respectively. Furthermore, when the steel slag powder dosage is 40%, the 
mix proportion G4 has the highest compressive strength (44.6 MPa), and the correspond-
ing dosages of activator, metakaolin, and silica fume are 5%, 20%, and 8%, respectively. 
As shown in Figure 4a, with the change of dosage of steel slag powder (10–40%), the high-
est compressive strength at each dosage level is more than 85% of the compressive 
strength of the control group. As shown in Figure 4a, the compressive strength of steel 
slag cement mortar shows an overall trend of decline from G1 to G16, while the dosage of 
activator (5–20%) is gradually increasing. The reason why the strength of steel slag cement 
mortar decreases may be that the content of stone powder increases with the increase of 
the activator dosage, and excessive stone powder will have negative effect on the strength 
of steel slag cement mortar. G9 is the mix proportion with the highest compressive 
strength among 16 mix proportions. The reasons may be divided into two aspects. On the 
one hand, the dosage of steel slag powder (10%) is relatively low, and the negative effect 
of low activity of steel slag powder on steel slag cement mortar is relatively small. On the 
other hand, it may be related to the relatively large dosage of metakaolin (15%) and silica 
fume (8%). SiO2 in metakaolin and silica fume hydrate to form calcium silicate, which 
improves the compressive strength. In addition, it is difficult to identify the main cause in 
the condition of many factors, and further analysis is needed to determine the cause.  

The flexural strength test results are given in Table 5 and Figure 4b. When the steel 
slag powder dosage is 10%, the mix proportion G5 has the highest flexural strength (8.8 
MPa), and the corresponding dosages of activator, metakaolin, and silica fume, are 10%, 
10%, and 6%, respectively. When the steel slag powder dosage is 20%, the mix proportion 
G6 has the highest flexural strength (8.7 MPa), and the dosages of activator, metakaolin, 
and silica fume are 10%, 5%, and 8%, respectively. At 30% dosage of steel slag powder, 
the mix proportion G3 has the highest flexural strength (8.3 MPa), and the corresponding 
dosages of activator, metakaolin, and silica fume are 5%, 15%, and 6%, respectively. When 
the steel slag powder dosage is 40%, the mix proportion G12 has the highest flexural 
strength (8.4 MPa), and the corresponding dosages of activator, metakaolin, and silica 
fume are 15%, 10%, and 2%, respectively. As shown in Figure 4b, with the change of steel 
slag powder dosage (10–40%), the highest flexural strength at each level of dosage is 
greater than 90% of the flexural strength of the control group. As shown in Figure 4b, there 
is little difference in the flexural strength of steel slag cement mortar of G1–G9, and the 
flexural strength of G10, G11, G13, G14, G15, and G16 is relatively low, while the flexural 
strength of G12 is relatively high. Similar to the compressive strength, it is difficult to find 
out the influence law of each factor only from the test results, and further analysis is 
needed to determine the cause. 

G1 G2 G3 G4 G5 G6 G7 G8 G9
G10G11G12G13G14G15G16

0

10

20

30

40

50

60

70

Controled group
       48 MPa

Co
m

pr
es

siv
e 

str
en

gt
h 

(M
Pa

)

Experimental groups

  10% Steel slag power     20% Steel slag power
  30% Steel slag power     40% Steel slag power

85% Controled group
         40.3 MPa

 

G1 G2 G3 G4 G5 G6 G7 G8 G9
G10G11G12G13G14G15G16

0

2

4

6

8

10

12

14

Controled group
      9.2 MPa

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Experimental groups

 10% Steel slag power  20% Steel slag power
 30% Steel slag power  40% Steel slag power

85% Controled
 group 8.3 MPa

 
(a)  (b)  

Figure 4. Strength of steel slag cement mortar with different mix proportions: (a) Compressive strength of experimental
groups; (b) Flexural strength of experimental groups.

4. Orthogonal Analysis

The analysis methods of orthogonal experimental results include range analysis and
variance analysis. Range analysis is a method to analyze the influence of each factor
on the system value in a multi-factor system. It can not only determine the primary
factor influencing the system value but also gives the optimal level combination of several
factors. Variance analysis is also a method of multi-factor system analysis, which can
not only estimate the error size but also represents the significant degree of influence of
each factor on the system value [43]. The above two methods are used to analyze the
experimental results.

4.1. Compressive Strength Analysis

The results of the compressive strength range analysis are shown in Table 6. According
to the range (R) of compressive strength caused by the change of dosage level, the factors
are in order as follows: activator (29.0 MPa) > steel slag powder (9.5 MPa) > silicon powder
(8.2 MPa) > metakaolin (5.4 MPa). Activator dosage has the most significant influence
on the experimental results of compressive strength. It indicates that the activator is the
primary influencing factor of compressive strength. The results of compressive strength
variance analysis are shown in Table 7. Activator, steel slag powder, metakaolin, and silica



Crystals 2021, 11, 658 9 of 18

fume have a very profound effect on the compressive strength. The influence degree of
each factor on compressive strength can be further characterized according to the value
of ‘F’ of each factor. The greater the value of ‘F’ of each factor, the more significant the
influence is. Therefore, the order of the various factors according to the influence degree of
compressive strength from large to small is the activator, steel slag powder, silica fume, and
metakaolin. The results of range analysis and variance analysis indicate that the activator
had the greatest influence on the compressive strength and is the primary factor influencing
the compressive strength.

The relationship curve between the compressive strength and the dosage levels of
each influencing factor is shown in Figure 5. The influence of the activator dosages on the
compressive strength is shown in Figure 5a. The compressive strength decreases gradually
with the increase of the activator dosage, and it is at maximum when the activator dosage
is 5%. The influence of steel slag powder dosage on the compressive strength is shown in
Figure 5b. The compressive strength decreases gradually with the increase of the steel slag
powder dosage, and it reaches the maximum when the steel slag powder dosage is 10%.
The influence of metakaolin dosage on compressive strength is shown in Figure 5c. The
compressive strength first increases and then decreases with the increase of metakaolin
dosage. The compressive strength reaches the maximum when the metakaolin dosage is
15%. The influence of silica fume dosage on compressive strength is shown in Figure 5d.
The compressive strength first decreases and then increases with the increase of silica fume
dosage. The compressive strength reaches the maximum value when the activator content
is 8%. The compressive strength of steel slag cement mortar with 10% steel slag powder
dosage is significantly different from that with 20%, 30%, and 40% steel slag powder dosage.
The reason is that the activity of steel slag powder is low, and it is difficult to achieve a
higher compressive strength even if the activation method is adopted. With the increase of
the activator dosage, the content of stone powder also increases, and the negative effect
caused by excessive stone powder is greater than the activation effect of activator on steel
slag. When the dosage of metakaolin is 20%, the compressive strength is lower than the
compressive strength corresponding to dosages of 5–15%, so the dosage should not be
exceed 15%. With the increase of silica fume dosage (4–8%), the compressive strength of
steel slag cement mortar increases greatly. The dosages corresponding to the maximum
compressive strength are taken as the optimal dosage. Therefore, for the compressive
strength of mortar, the optimal dosage combination of the four factors is activator 5%, steel
slag powder 10%, metakaolin 15%, and silica fume 8%.

Table 6. Range analysis of compressive strength.

Index
Compressive Strength (MPa)

Activator Steel Slag Powder Metakaolin Silica Fume

K1 170.8 151.4 126.6 116.6
K2 142.9 116.6 122.9 112.7
K3 132.3 119.0 136.3 125.6
K4 54.6 113.5 114.7 145.6
k1 42.7 37.9 31.7 29.2
k2 35.7 29.2 30.7 28.2
k3 33.1 29.8 34.1 31.4
k4 13.7 28.4 28.7 36.4

MAX 42.7 37.9 34.1 36.4
MIN 13.7 28.4 28.7 28.2

R 29.0 9.5 5.4 8.2
Note: Ki is the sum of multiple test results at a certain level, ki is the mean value of multiple test results at a certain
level, and R is the range of mean value of test results at different levels.



Crystals 2021, 11, 658 10 of 18

Table 7. Variance analysis of compressive strength.

Material SS df MS F Significant Degree

Activator 5562.2 3 1854.1 154.6 **
Steel slag
powder 703.0 3 234.3 19.5 **

Metakaolin 181.0 3 60.3 5.0 **
Silica fume 485.8 3 161.9 13.5 **

Se1 300.9 3 F0.01 (3, 35) = 4.4
F0.05 (3, 35) = 2.9
F0.2 (3, 35) = 1.6

Se2 118.8 32
Se 419.7 35 12.0

Sum 7232.9 47
Note: SS is the sum of squares; df is the degrees of freedom; MS is the mean square; Se1 is the System error; Se2 is
the experiment error; Se is the overall error; F is the MS/Se; ** is very significant (F > F0.01 (3, 35)).
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4.2. Analysis of Flexural Strength

The results of the flexural strength range analysis are shown in Table 8. According
to the range (R) of flexural strength caused by the change of dosage level, the factors
are in order as follows: activator (5.4 MPa)> steel slag powder (1.8 MPa) > metakaolin
(1.3 MPa) > silica fume (1.2 MPa). Activator dosage has the most significant influence on
the experimental results of flexural strength. It indicates that the activator is the primary
influencing factor of flexural strength. The results of the variance analysis of flexural
strength are shown in Table 9. Activator, steel slag powder, metakaolin, and silica fume all
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have a very significant influence on flexural strength. The influence degree of each factor
on flexural strength can be further distinguished according to the value of ‘F’ of each factor.
Therefore, the order of the different factors according to the influence degree of the flexural
strength from large to small is the activator, steel slag powder, metakaolin, and silica fume.
The results of range analysis and variance analysis indicate the activator had the greatest
influence on the flexural strength and is the primary factor affecting the flexural strength.

The relationship curve between the flexural strength and the dosage levels of each
factor is shown in Figure 6. The influence of the activator dosages on the flexural strength
is shown in Figure 6a. The flexural strength first increases and then decreases with the
increase of the activator dosage. The flexural strength reaches the maximum when the
activator dosage is 10%. The influence of steel slag powder dosage on the flexural strength,
shown in Figure 6b, indicates that the flexural strength decreases gradually with the
increase of the steel slag powder dosage. The flexural strength reaches the maximum when
the steel slag powder dosage level is 10%. The influence of metakaolin dosage on flexural
strength is shown in Figure 6c. The flexural strength first increases and then decreases
with the increase of metakaolin dosage. The flexural strength reaches the maximum when
the metakaolin dosage is 15%. The influence of silica fume content on flexural strength
is shown in Figure 6d. The flexural strength decreases first and then increases with the
increase of silica fume dosage, while it reaches the maximum value when the activator
content is 8%. Similar to the compressive strength, the steel slag cement mortar with smaller
dosage (5%, 10%) of activator has a larger flexural strength, while the steel slag cement
mortar with larger dosage (15%, 20%) of activator has smaller flexural strength. When the
dosages of metakaolin and silica fume were 10% and 8%, respectively, the corresponding
flexural strength reached the maximum, which was very close to 15% and 8% of optimal
dosage in compressive strength analysis. In addition, the strength corresponding to 40%
dosage of steel slag powder is only smaller than the strength corresponding to 10% dosage,
and the strength corresponding to 2% dosage of silica fume is only smaller than the strength
corresponding to 8% dosage, as shown in Figure 6. This indirectly explains the reason why
G12 has a large flexural strength, which is the result of the combined action of many factors.
The dosages corresponding to the maximum flexural strength are taken as the optimal
dosages. Therefore, for the flexural strength of mortar, the optimal dosage combination
of the four factors is activator 10%, steel slag powder 10%, metakaolin 10%, and silica
fume 8%.

Table 8. Range analysis of flexural strength.

Index
Flexural Strength (MPa)

Activator Steel Slag Powder Metakaolin Silica Fume

K1 32.2 29.1 22.8 26.4
K2 32.5 22.0 27.4 23.0
K3 23.2 21.8 26.6 22.4
K4 11.1 26.1 22.2 27.2
k1 8.0 7.3 5.7 6.6
k2 8.1 5.5 6.8 5.7
k3 5.8 5.4 6.7 5.6
k4 2.8 6.5 5.6 6.8

MAX 8.1 7.3 6.8 6.8
MIN 2.8 5.4 5.6 5.6

R 5.4 1.8 1.3 1.2
Note: Ki is the sum of multiple test results at a certain level, ki is the mean value of multiple test results at a certain
level, and R is the range of mean value of test results at different levels.
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Table 9. Variance analysis of flexural strength.

Material SS df MS F Significant Degree

Activator 228.7 3 76.2 51.1 **
Steel slag
powder 28.1 3 9.4 6.3 **

Metakaolin 15.6 3 5.2 3.5 *
Silica fume 13.3 3 4.4 3.0 *

Se1 28.9 3 F0.01 (3, 35) = 4.4
F0.05 (3, 35) = 2.9
F0.2 (3, 35) = 1.6

Se2 23.3 32
Se 52.2 35 1.5

Sum 314.6 47
Note: SS is the sum of squares; df is the degrees of freedom; MS is the mean square; Se1 is the System error; Se2 is
the experiment error; Se is the overall error; F is the MS/Se; ** is very significant (F > F0.01 (3, 35)); * is significant
(F > F0.05 (3, 35)).
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Figure 6. Relationship between flexural strength and dosage levels of each factor: (a) activator; (b) steel slag powder; (c) 
metakaolin and (d) Silica fume. 
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Figure 6. Relationship between flexural strength and dosage levels of each factor: (a) activator; (b) steel slag powder; (c)
metakaolin and (d) Silica fume.

Through orthogonal analysis, it is determined that the activator is the primary factor
affecting the strength of steel slag cement mortar, and the optimal dosages of each factor
corresponding to the compressive strength and the flexure strength are obtained. It provides
a basis for scientific research and engineering application. At the same time, it was found
that excessive content of stone powder in the activator had a negative effect on the strength
of steel slag cement mortar.
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5. Prediction of Mortar Strength

The principle of orthogonal design method is to perform the overall evaluation of
the system by uniformly sampling the level combinations of multiple factors. Therefore,
the dosage level combinations of multiple factors adopted in the experiment may not
necessarily take into account the optimal dosage level combination. The GM (0, N) model
can be established to predict the system characteristic data of the optimal level combination
obtained by the range analysis method. The data selection used to establish the model
has a certain influence on the prediction accuracy of GM (0, N) model. Appropriately
reducing the number of data used in the model establishment, according to the level value
range of the primary factor of the system characteristic data, can improve the accuracy
of the prediction model. The results of orthogonal analysis show that the activator is the
main factor affecting the strength of mortar while the optimal dosages of the activator for
compressive strength and flexural strength are lower 5% and 10%, respectively. Therefore,
the GM (0, N) model was established by selecting the data of the first eight experimental
groups for improving the prediction accuracy.

5.1. Prediction of Compressive Strength

Taking the compressive strength of the first eight groups as X(0)
1 , that is the system

characteristic data sequence, and the dosage of activator, steel slag powder, metakaolin,
and silica fume as the relative factors data sequence X(0)

2 , X(0)
3 , X(0)

4 , X(0)
5 , then

X(0)
1 = (43.4 , 37.2 , 45.6 , 44.6 , 44.2 , 40.6 , 29.8 , 28.4 )

X(0)
2 = (5, 5, 5, 5, 10, 10, 10, 10)

X(0)
3 = (10, 20, 30, 40, 10, 20, 30, 40)
X(0)

4 = (5, 10, 15, 20, 10, 5, 20, 15)
X(0)

5 = (2, 4, 6, 8, 6, 8, 2, 4)

The data sequence is superimposed at once, and the parameter column satisfying the
least-square estimation is obtained through Equation (2).

∧
b = [−0.541,−0.395, 1.361, 4.557, 41.867]T (3)

Thus, the GM (0, 5) model of compressive strength is obtained:

x(0)1 (k) = −0.541x(1)2 (k)− 0.395x(1)3 (k)− 1.361x(1)4 (k)− 4.557x(1)5 (k) + 41.867 (4)

As shown in Table 10, the average relative simulation error of GM (0, 5) model of
compressive strength is 5.9%, while the accuracy is above 94%, which is a good prediction
accuracy. When the optimal dosage combination of compressive strength was substituted
into Equation (4), the prediction value of compressive strength was 55.6 MPa. The optimal
dosage combination of the flexural strength was substituted into Equation (4) to obtain
the prediction value of compressive strength of 51.5 MPa. The results show that the
compressive strength of the two mixtures reaches the level of P·O·42.5 Portland cement.
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Table 10. Simulation error check of GM (0, 5) model for compressive strength.

Number Actual Value Simulated Value Residual Relative Simulation Error

2 37.188 39.830 −2.642 0.071
3 45.583 38.612 6.971 0.153
4 44.625 50.581 −5.956 0.133
5 44.188 42.412 1.775 0.040
6 40.625 40.771 −0.146 0.004
7 29.750 29.894 −0.144 0.005
8 28.354 28.253 0.101 0.004

Mean 0.059

5.2. Prediction of Flexural Strength

Taking the flexural strength of the first eight groups as X(0)
1 , that is, the system

characteristic data sequence, and the dosage of activator, steel slag powder, metakaolin,
and silica fume as the relative factors data sequence X(0)

2 , X(0)
3 , X(0)

4 , X(0)
5 , then, the data

sequence X(1)
i is superimposed at once to obtain the parameter column satisfying the

least-squares estimation through Equation (2).

∧
b = [0.362,−0.019, 0.158, 0.591, 7.737]T (5)

Thus, the GM (0, 5) prediction model of flexural strength is obtained as

x(0)1 (k) = 0.362x(1)2 (k)− 0.019x(1)3 (k)+0.158x(1)4 (k)+0.591x(1)5 (k) + 7.737 (6)

As shown in Table 11, the average relative simulation error of GM (0, 5) model of
flexural strength is 5.3%, while the corresponding accuracy is above 94%, which is a good
prediction accuracy. When the optimal dosage combination of the flexural strength was
substituted into Equation (6), the prediction value of the flexural strength is obtained as
9.7 MPa, reaching the level of P·O·42.5 Portland cement. By substituting the optimal dosage
combination of compressive strength into Equation (6), the prediction value of flexural
strength is 8.7 MPa, which is consistent with the strength of the reference group (9.2 MPa).

Table 11. Simulation error check of GM (0, 5) model for flexural strength.

Number Actual Value Simulated Value Residual Relative Simulation Error

2 7.766 8.203 −0.437 0.056
3 8.344 7.156 1.188 0.142
4 7.906 8.938 −1.032 0.130
5 8.844 8.556 0.288 0.033
6 8.734 8.758 −0.024 0.003
7 7.359 7.392 −0.033 0.004
8 7.586 7.594 −0.008 0.001

Mean 0.053

6. Economic Benefit Analysis

The cement industry is a material and energy-intensive industry, which not only con-
sumes a lot of natural energy but also pollutes the environment. In practical engineering,
cement as a cementitious material has a huge cost, while the cost of steel slag, metakaolin,
and activator is relatively low. Activator, steel slag powder, metakaolin, and silica fume
were used as cementitious materials in equal amounts instead of cement, and their eco-
nomic benefits were evaluated. Through market research, the prices of activator, steel
slag powder, metakaolin, silica fume, and ordinary silicate P·O·42.5 Portland cement are
170 RMB/ton, 100 RMB/ton, 400 RMB/ton, 1000 RMB/ton, and 450 RMB/ton, respectively.
In practical engineering, the strength and cost requirements of cementitious materials are
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different according to different working conditions. Thus, it is imperative to provide the
economic benefit analysis of various dosage combinations for appropriate binder selection.
Based on the analysis of the above test results, the experimental group has a total of four
steel slag powder dosage levels (10%, 20%, 30%, and 40%). The results of the economic
benefit analysis based on the compressive strength and flexural strength are shown in
Tables 12 and 13, respectively.

Table 12. Economic benefit analysis on the combination with highest compressive strength in each steel slag powder
dosage level.

Dosage Combination of Binding Materials (%) Cost (RMB/ton)
Reduction Rate (%)

Steel Slag Powder Activator Metakaolin Silica Fume Cement Binging Materials in Study Cement

10 15 15 8 52 409.5

450

9.00
20 10 5 8 57 393.5 12.56
30 5 15 6 44 356.5 20.78
40 5 20 8 27 330 26.67

Max 26.67
Min 9.00

Table 13. Economic benefit analysis on the combination with highest flexural strength in each steel slag powder dosage level.

Dosage Combination of Binding Materials (%) Cost (RMB/ton)
Reduction Rate (%)

Steel Slag Powder Activator Metakaolin Silica Fume Cement Binging Materials in Study Cement

10 10 10 6 64 415

450

7.78
20 10 5 8 57 393.5 12.56
30 5 15 6 44 356.5 20.78
40 15 10 2 33 274 39.11

Max 39.11
Min 7.78

The results of the economic effect analysis indicate that the cost after cement replace-
ment can be reduced by 9.00–26.67% compared to that before the replacement when the
compressive strength is used as the benchmark for analysis. When the flexural strength is
analyzed, it is seen that the cost after the cement replacement can be reduced by 7.78–39.11%
compared to that before the replacement. For practical engineering, it is assumed that
10,000 m3 of concrete with the required strength of 42.5 MPa, the amount of cementitious
material per cubic meter of concrete is 0.4 ton. Using the method proposed in this study,
the cost of cement per cubic meter of concrete can save 31–156 RMB. Thus, the total cost
of cement replacement can be saved by at least 310,000 RMB and up to the maximum of
1560,000 RMB, which is a significant economic impact on the project.

7. Conclusions

A method of activating the activity of steel slag powder with neutral material is
proposed. The validity of the proposed method is verified by experiments. Through
orthogonal analysis, the optimal dosage combination of various components in the com-
pound activator is determined. The grey prediction model is established to predict the
strength of steel slag cement mortar under the optimal dosage combination of various
factors. Considering the different requirements of cementitious materials in engineering,
the economic benefits of several mix proportions are analyzed. The conclusions drawn
from this study are appended below.

1/The experimental results show that with the change of steel slag powder dosage
(10%, 20%, 30%, 40%), the compressive strength of mortar is affected. The highest strength
of each dosage can reach more than 85% of the compressive strength of the control group.
Similarly, the highest flexural strength can reach more than 90% of the flexural strength of
the control group.
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2/Through orthogonal analysis, it is ascertained that the activator is the primary
factor influencing the strength of the steel slag cement mortar, and the optimal dosage
combination of the compressive strength of the mortar is obtained as activator 5%, steel slag
powder 10%, metakaolin 15%, and silica fume as 8%, while the optimal dosage combination
of flexural strength is determined as activator 10%, steel slag powder 10%, metakaolin 10%,
and silica fume 8%.

3/GM (0, 5) prediction models for compressive strength and flexural strength were
established, respectively. The compressive strength and flexural strength of mortar were
predicted. The prediction results of the compressive strength and flexural strength for the
optimal dosage combination of compressive strength are 55.6 MPa and 8.7 MPa, respec-
tively. The compressive strength and flexural strength at the optimal dosage combination
for flexural strength are predicted to be 51.5 MPa and 9.7 MPa, respectively, which reach
the strength level of P·O·42.5 Portland cement.

4/The research conducted on economic benefit analysis for multiple dosage combina-
tions showed that the method proposed in this study can lower environmental pollution
and reduce the project cost to a greater extent on the basis of meeting project requirements.
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