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This paper investigates the effect of supplementary cementitious materials (SCMs) on the
fresh and mechanical properties of nano-silica modified cement-based materials
(NSMCBM) based on the response surface method (RSM). Fly ash (FA), ground
granulated blast-furnace slag (GGBFS), and silica fume (SF) were selected and the
Box-Behnken design (BBD) method was used to design mix proportion. Besides, the
quadratic term model was used to describe the relationship between independent
variables and responses including fluidity, yield stress, plastic viscosity, thixotropy, and
3, 7, 28, and 56 d compressive strength. Based on the quadratic term model, the
response surface of each response was drawn to understand the influence of SCMs.
Results showed that FA had significant effect on fluidity and thixotropy while three kinds of
SCMs had extremely significant effect on plastic viscosity. Response surface plot showed
that NS could increase the plastic viscosity of NSMCBM to 1.445 Pa•s (M16). However,
the addition of FA and GGBFS decreased the plastic viscosity to 0.9 Pa•s, which was
comparable with the reference sample (M17). Such value was 37.7% lower than that of
M16. Meanwhile, NS complemented the reduction of compressive strength caused by
SCMs. Thus, the synergy effect of SCMs and NS could improve both fresh andmechanical
properties. At last, multi-objective optimization was utilized to optimize the proportion of
SCMs considering the interaction between SCMs to achieve desirable parameters.

Keywords: response surface method (RSM), multi-objective optimization, nano-silica, supplementary cementitious
materials (SCM), rheology

INTRODUCTION

With the development of concrete technology, supplementary cementitious materials (SCMs) have
grown up to be indispensable components in concrete. It not only reduces cost but also improves the
workability and durability of concrete (Cheng et al., 2018; Dhanya et al., 2018). However, the
incorporation of SCMs decreases the early strength significantly, especially with the incorporation of
large amounts of SCMs such as in pumped concrete and self-compacting concrete (SCC). Even
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though adding accelerators such as calcium chloride (Riding
et al., 2010), triethanolamine (Yan-Rong et al., 2016), and
nitrate (Pizoń et al., 2016) can compensate for the adverse
effects caused by the large amount of SCMs, but the
improvement of early strength is limited and some
accelerators also lead to the reduction of long term mechanical
properties of concrete (Pizoń, 2017).

Due to its higher pozzolanic reactivity and nucleation effect
(García-Taengua et al., 2015; Flores et al., 2017), nano-silica (NS) is
regarded as a promising modifying material for concrete, which can
improve the mechanical strength and durability of the cement-
based materials and thus complement the reduction of early
strength caused by SCMs. However, the consequent disadvantage
is that the NS has a large specific surface area, so the rheological
properties have deteriorated when it is incorporated into the cement
paste (Ghafari et al., 2014). It is worth noting that a large number of
literatures have reported that SCMs can improve the workability of
nano-silica modified cement-based materials (NSMCBM) owing to
the “morphological effect” and “filling effect” (Jalal et al., 2019;
Roshani and Fall 2020; Hosan and Shaikh, 2021). Thus, the
combination of NS and SCMs can improve various aspects of
properties (workability, rheology, and mechanical properties) and
has achieved satisfying results (Flores et al., 2017; Nandhini and
Ponmalar, 2018; Ramezanianpour and Moeini, 2018; Liu et al.,
2019). However, the optimum dosage of SCMs lacks a theoretical
basis to achieve desirable properties. Besides, the interaction effect
between SCMs also makes the properties of NSMCBM complicated
and hard to predict. For this reason, it is important to investigate the
influence of SCMs on workability and mechanical properties of
NSMCBM. At the same time, the proportion of SCMs should be
optimized to obtain satisfying properties.

The most widely used method for optimizing parameters is the
response surface method (RSM). RSM is a statistical method to
solve multivariate problems, which includes central composite
design (CCD) method and Box-Behnken design (BBD) method
(Pratama et al., 2020). Compared with the control variates method,
RSM has less workload and more scientific experimental design
(Ghalehnovi et al., 2020). As an effective statistical method, the
RSM method has been widely employed in civil engineering to
optimize the properties of concrete. For the CCDmethod, Jiao et al.
(2018) optimized the mixture design of concrete based on the
rheological properties. Li et al. (2018) optimized the mix
proportion to prepare high-performance alkali-activated
concrete with a slump of more than 200 mm. For the BBD
method, Ahmed et al. (2020) employed the BBD method to get
the optimum solution for designing parameters, which attained
maximummechanical properties and recycled aggregate, as well as
minimum fiber percentage. However, few literatures can be found
about the SCMs optimization due to their complex compositions,
especially the incorporation of NS, which should be further
researched to explore the synergy effect between SCMs and NS.

In this paper, three kinds of SCMs, namely, fly ash (FA), ground
granulated blast-furnace slag (GGBFS), and silica fume (SF), were
selected to explore the effect of the types, dosage, and interaction on
the fluidity, rheology, and compressive strength of nano-silica
modified cement-based materials (NSMCBM) based on RSM.
Among them, the Box-Behnken design (BBD) method was used

to design the mix proportion. Analysis of variance (ANOVA) was
utilized to describe the significance of the factors and the fitting
equation was determined according to the experimental results,
and then, the combined effect of SCMs on fluidity, rheology, and
compressive strength of NSMCBM was analyzed. Finally, the
proportion of SCMs was optimized according to the fitting
equation to achieve desirable properties. The authors hoped this
study can provide an approach for optimizing mix proportion,
especially multi-blending SCMs.

MATERIALS AND METHODS

Materials
The cement used here was Portland cement (P.O 42.5), which
complies with Chinese standard GB 175-2007 (Committee,
2016). FA, GGBFS, and SF, these three kinds of
supplementary cementitious materials (SCMs) were selected.
The chemical compositions of cement and SCMs are shown in
Table 1. The characteristic particle size measured by laser particle
size analyzer and specific surface area measured by BET are given
in Table 2. The microscopic morphology photographed by
scanning electron microscope (SEM) is presented in Figures
1–4. There are many kinds of nano-silica (NS) and the
pyrogenic fumed nano-silicas were used in this study. The
nano-silica with 99.8% of powder concentration was used and
its particle size is 7–40 nm. The characteristic particle size and
specific surface area are presented in Table 2. A polycarboxylate-
based superplasticizer (SP) with a water-reducing rate of 40% was
used and its solid content is 45%.

Mix Proportion and Sample Preparation
In this study, the effect of SCMs was only focused on. Therefore,
the effect of fine and coarse aggregate was neglected and the
nano-silica modified cement-based paste was prepared in which
the amount of SP was 0.5% by mass of binder, and the water-to-
binder ratio was 0.3. NS was determined as 1% by mass of binder
because Ref. (Hou et al., 2012; Hou et al., 2013) showed that NS
would be difficult to disperse when the amount of NS is larger
than 1.2%, even if ultrasonic dispersion is used. Besides, FA,
GGBFS, and SF were used to replace cement for preparing ternary
(cement, NS, and any one of the three SCMs), quaternary
(cement, NS, and any two of the three SCMs), and quinary
(cement, NS, and three SCMs) paste. The replacement levels
for various SCMs were differed as 0, 15, and 30% for FA and
GGBFS and 0, 3, and 6% for SF. Each of the SCMs was replaced by
a percentage of the mass of the cement. According to the Box-
Behnken design (BBD) method, fifteen groups of mix proportion
were required and the corresponding lowest, median, and
maximum values of replacement levels of SCMs were coded
by −1, 0, and +1, respectively. Besides, to understand the effect
of NS on workability and mechanical strength, two groups of
paste that only contained cement and only contained cement and
NS were prepared. The schematic of BBD is shown in Figure 5
and the detailed mix proportion can be found in Table 3. It
should be noted that for convenience, each group was marked by
letter plus number, where F stood for fly ash, G stood for ground
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granulated blast-furnace slag, and S stood for silica fume. The
number after the letter represented the corresponding amounts.

NS is easy to agglomerate due to its ultra-fine particle size when
mixed with water (Kong et al., 2012). Therefore, high-intensity
ultrasonication (SB25-12DTD, 600W, 40 Hz) was used to disperse
suspension. Different mixing orders of raw materials will lead to
significant deviation or uncertainty of the experimental results
(Wang et al., 2019). In order to improve the accuracy of the results
and reduce the deviation, each group of mixture was prepared
according to the following mixing protocol. Firstly, the nano-silica
suspension, water, and superplasticizer were mixed and poured
into the mixing container to mix with cement and/or
supplementary cementitious materials. Secondly, it was mixed at
a lower speed of 150 r/min for 2 minutes and then at a higher speed
of 300 r/min for additional 2 minutes to get evenly paste (Xiuzhi
et al., 2021). After finishing the preparation, the measurement of
fluidity and rheological parameters was carried out.

Testing Methods
Fluidity
According to the American standard ASTM C230 (ASTM
International, 2014), the fluidity was measured with a mini
cone whose top diameter was 36 mm, the bottom diameter
was 60 mm, and the height was 60 mm. At first, the mini cone
was laid on a wet horizontal glass board and filled with paste and

TABLE 1 | Chemical composition of cement and SCMs.

CaO SiO2 Al2O3 MgO Fe2O3 SO3 Na2O TiO2 K2O Others

Cement 59.5 19.18 4.93 3.95 3.10 3.47 0.21 — 0.32 5.34
FA 3.79 47.20 41.29 1.10 2.51 1.17 0.91 0.69 — 1.34
GGBFS 39.8 35.4 12.8 7.9 0.2 1.9 0.3 — 0.4 1.3
SF 0.43 97.20 0.08 0.27 — 0.57 0.46 — 0.83 0.16

TABLE 2 | Characteristic particle size and specific surface area of cement, SCMs,
and NS.

D10/μm D50/μm D90/μm Mean/μm Specific surface
area/(m2/kg)

Cement 1.29 13.24 35.57 16.54 328
FA 0.61 6.27 22.64 8.62 640
GGBFS 1.26 8.38 24.85 10.66 594
SF 0.056 0.14 0.21 0.15 20,000
NS 0.0065 0.023 0.04 0.029 2,96,000

FIGURE 1 | SEM images of cement and SCMs, cement.

FIGURE 2 | SEM images of cement and SCMs, fly ash.

FIGURE 3 | SEM images of cement and SCMs, ground granulated blast-
furnace slag.

Frontiers in Materials | www.frontiersin.org October 2021 | Volume 8 | Article 7125513

Zhang et al. Nano-Silica Modified Cement-Based Materials

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


then the mini cone was lifted. After waiting for 30 s, two
diameters perpendicular to each other of each paste were
measured and the average value was recorded as fluidity.

Rheological Parameters
The rheological parameters were determined by a Malvern Kinexus
rotary rheometer. The measurement procedures were as follows: the
sample was pre-sheared for 30 s at a shear rate of 100 s−1. After resting
for 30 s, the shear rate increased from 0 to 150 s−1 uniformly in 120 s
and finally dropped to 0 s−1 with the same rotation speed gradient.
The detailed process can be seen in Figure 6. This measurement
procedure can minimize the internal flocculation structure of the
paste before testing the rheological parameters, making the test results
more accurate (Park et al., 2005; Senff et al., 2009).

According to the data measured by the rheometer, the
descending section was selected to draw the shear stress-shear
rate curve and the Herschel–Bulkley model was used to fit the
rheological curve:

τ � τ0 + K _cn, (1)

where τ and _c are shear stress and shear rate, respectively; τ0 is
yield stress; K is the consistency coefficient; n is the power
exponent.

The plastic viscosity η was calculated according to the method
proposed by de Larrard (Hu and de Larrard, 1996; de Larrard
et al., 1998). The equation is as follows:

η � 3K
n + 2

_cn−1max. (2)

Several methods have been utilized to measure the thixotropy
(Qian et al., 2018): shear rate decay method (Kawashima et al.,
2013), yield stress growth rate (Roussel, 2006), and thixotropy
hysteresis loop (Ferron et al., 2007). In this study, the thixotropy
hysteresis loop was applied. According to the data measured by
the rheometer, the thixotropic hysteresis loops can be obtained
and the area of loops can be used to characterize the thixotropy.

Compressive Strength
After the fresh properties were measured, the paste was cast into
20 × 20 × 20 mm3 molds and covered by a plastic film. After
1 day, the species were demolded and put into a standard curing
room at 20 ± 2°C and relative humidity higher than 95% to cure
for 3, 7, 28, and 56 days. Finally, CMT-5504 electronic universal
testing machine was used to measure the compressive strength.
The displacement velocity was 2.0 mm/min. The compressive
strength of species was measured according to Chinese standard
GB/T 17671-1999 (Supervision, 1999) and the average value of
three species of each group was recorded as the final compressive
strength.

Analyzing Methods
In most RSM problems, the relationship between the response
(dependent variable) and the independent variable is unknown,
so the first step of RSM is to seek a suitable approximation of the
true functional relationship between the response (y) and the
independent variable (x). Generally speaking, if the response is
suitable for modeling with a linear function of independent
variables, the approximate function is a linear model:

y � β0 + β1x1 + β2x2 +/ + βkxk + ε. (3)

Otherwise, higher-order polynomials must be used. For
example, the expression of the quadratic term model is

y � β0 +∑k
i�1

βixi +∑k
i�1

βiix
2
i +∑k

i�1
∑k
j> 1

βijxixj + ε, (4)

where y is the response variable; xi, x2i , xixj are the independent
variables; k is the number of independent variables; β represents
the regression coefficients; εis the random error. In this study, the
quadratic term model was used to fit the data to obtain the

FIGURE 4 | SEM images of cement and SCMs, silica fume.

FIGURE 5 | The schematic of BBD.

Frontiers in Materials | www.frontiersin.org October 2021 | Volume 8 | Article 7125514

Zhang et al. Nano-Silica Modified Cement-Based Materials

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


regression coefficients (βi, βii, βij). R
2 was used to determine the

degree of fitting of the quadratic term model to the data. At
the same time, analysis of variance (ANOVA) was used to test the

significance of the variables. The flow chart of the research can be
seen in Figure 7.

RESULTS AND DISCUSSION

Experimental and RSM Results
The experimental results of fluidity, yield stress, plastic viscosity,
thixotropy, 3 d compressive strength (C3d), 7 d compressive
strength (C7d), 28 d compressive strength (C28d), and 56 d
compressive strength (C56d) are shown in Table 4,
respectively. According to the data, ANOVA and quadratic
term model fitting were carried on, respectively. The
significance of variables and the regression coefficients
(βi, βii, βij) is shown in Table 5.

It can be seen from Table 4 that compared with the group
without NS (M17), the addition of NS (M16) remarkably
decreased the fluidity and increased the yield stress, which can
be due to the ultra-fine particle size led to the increase of friction
and water demand (Chithra et al., 2016). Plastic viscosity and
thixotropy are closely related to flocculation and C-S-H. NS has a
higher pozzolanic effect, so the addition of NS accelerates the
cement hydration to form additional C-S-H (Mendoza Reales
et al., 2019). As a result, the plastic viscosity and thixotropy were

TABLE 3 | Mix proportion of nano-silica modified cement-based paste containing SCMs.

Groups Coded values Cementitious mass/%

FA (A) GGBFS (B) SF (C) A B C Cement NS

M1 (F15) 0 −1 −1 15 0 0 84 1
M2 (F15G30) 0 1 −1 15 30 0 54 1
M3 (F15G30S6) 0 1 1 15 30 6 48 1
M4 (F15S6) 0 −1 1 15 0 6 78 1
M5 (S3) −1 −1 0 0 0 3 96 1
M6 (G30S3) −1 1 0 0 30 3 66 1
M7 (F30G30S3) 1 1 0 30 30 3 36 1
M8 (F30S3) 1 −1 0 30 0 3 66 1
M9 (F30G15S6) 1 0 1 30 15 6 48 1
M10 (F30G15) 1 0 −1 30 15 0 54 1
M11 (G15) −1 0 −1 0 15 0 84 1
M12 (G15S6) −1 0 1 0 15 6 78 1
M13 (F15G15S3) 0 0 0 15 15 3 66 1
M14 (F15G15S3) 0 0 0 15 15 3 66 1
M15 (F15G15S3) 0 0 0 15 15 3 66 1
M16 (only NS) — — — 0 0 0 99 1
M17 (no NS) — — — 0 0 0 100 0

FIGURE 6 | The shear procedure of rheometer.

FIGURE 7 | The flow chart of the research.
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increased in M16. Besides, the higher pozzolanic reactivity,
nucleation effect, and filler effect also contributed to the
increase of early strength through improving the
microstructure (García-Taengua et al., 2015; Lu et al., 2020).

The regression coefficients obtained by fitting the quadratic
term model can be seen in Table 5 and the significance of the
corresponding independent variable is also marked with * after
the regression coefficient. If the p-value of the independent
variable calculated through ANOVA is less than 0.001, it
meant that it has an extremely significant effect on the
corresponding parameters and marked with ***. **

represents highly significant p < 0.01 and * represents
significant p < 0.05. Otherwise, the independent variable is
not significant. Besides, the R2 and the adjusted R2

demonstrate the credibility of the quadratic term model. It
can be seen from Table 5 that the R2 and the adjusted R2 were
both close to one demonstrating that the quadratic term model
can be used to fit the data. In the next three sections, the
quadratic term equation about every parameter was listed
according to regression coefficients shown in Table 5.
Moreover, response surface plots of the quadratic term
model were also generated to understand the effect of the

TABLE 4 | Experimental results of nano-silica modified cement-based paste containing SCMs, fluidity.

Groups Fluidity
(mm)

Yield
stress
(Pa)

Plastic
viscosity
(Pa`s)

Thixotropy
(Pa•s−1)

C3d

(MPa)
C7d

(MPa)
C28d

(MPa)
C56d.

(MPa)

M1 (F15) 268 4.81 1.137 2,837 42.27 82.03 108.14 108.74
M2 (F15G30) 256 5.44 1.048 2,557 47.36 81.87 102.64 109.97
M3
(F15G30S6)

265 5.03 1.069 2,325 34.27 63.36 88.29 93.34

M4 (F15S6) 262 4.99 1.48 3,631 36.14 80.21 111.06 112.36
M5 (S3) 249 7.61 1.382 3,740 60.32 90.88 112.39 112.37
M6 (G30S3) 253 4.13 1.22 3,167 47.56 84.02 103.90 105.34
M7
(F30G30S3)

257 5.3 1.011 2,086 33.40 72.50 98.26 107.88

M8 (F30S3) 279 6.12 1.259 2,944 41.04 77.78 98.08 112.39
M9
(F30G15S6)

263 5.33 1.193 2,929 38.17 65.77 93.91 107.30

M10
(F30G15)

280 6.04 1.051 2,934 36.58 75.80 101.52 111.77

M11 (G15) 260 6.09 1.13 3,233 48.57 74.12 107.39 101.05
M12 (G15S6) 254 4.61 1.48 2,953 56.98 83.69 110.77 110.13
M13
(F15G15S3)

265 4.92 1.127 2,683 43.01 84.49 111.18 94.21

M14
(F15G15S3)

260 4.88 1.121 2,689 42.89 84.21 110.98 94.68

M15
(F15G15S3)

263 4.97 1.132 2,678 43.26 84.71 111.59 94.11

M16 (only NS) 253 5.17 1.445 4,629 59.38 98.05 110.77 108.87
M17 (no NS) 295 0.36 0.968 2,113 38.01 61.23 81.59 92.31

TABLE 5 | Results of ANOVA and regression coefficients.

Terms Fluidity
(mm)

Yield
stress
(Pa)

Plastic
viscosity
(Pa`s)

Thixotropy
(Pa•s−1)

C3d

(MPa)
C7d

(MPa)
C28d

(MPa)
C56d.

(MPa)

Regression
coefficients

Intercept 262.67 4.92 1.13 2,683.33 43.05 84.47 111.25 94.33
A (x1)–FA 7.88* 0.04 −0.09*** −275.00* −8.03* −5.11** −5.33** 1.30

B
(x2)–GGBFS

−3.38 −0.45 −0.11*** −377.13* −2.15 −3.64* −4.57* −3.67*

C (x3)–SF −2.50 −0.30 0.11*** 34.63 −1.15 −2.60 −1.96 −1.05
AB (x1x2) −6.50* 0.67 −0.02 −71.25 1.28 0.39 2.17 0.63
AC (x1x3) −2.75 0.19 −0.05** 68.75 −1.70 −4.90** −2.75 −3.39
BC (x2x3) 3.75 −0.15 −0.08** −256.50 −1.74 −4.17 −4.32 −5.06*
A2 (x21 ) −0.83 0.66 0.06** 237.83 3.80 −2.60 −3.61 8.31**
B2 (x22 ) −2.33 0.21 0.03 63.08 −1.27 −0.58 −4.48 6.85**
C2 (x23 ) 2.42 −0.06 0.03 91.08 −1.77 −7.03* −4.24 4.92*

R2 0.9007 0.9213 0.9898 0.9851 0.9648 0.9635 0.9254 0.9401
Adjusted R2 0.8979 0.8934 0.9715 0.9218 0.9046 0.8935 0.8692 0.8323
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independent variables on the dependent variable (WARDROP
and MYERS, 1990; Garlapati and Roy, 2017).

Effect of SCMs on Fluidity
The relative influence of the independent variables can be
evaluated by comparing their regression coefficients. The
greater the absolute value, the greater the significance of the
independent variable to the dependent variable. Besides, the
positive value indicates that the factor can increase the
parameter while the negative value demonstrates that the
parameter decreases with increasing the factor. As can be seen
from Table 5 the effect of FA showed a significant positive effect
on fluidity while the interaction of FA and GGBFS showed a
significant negative effect. According to the regression
coefficients, the quadratic term equation about fluidity can be
written as follows and the combined effect of SCMs on fluidity is
shown in Figure 8.

Yfluidity � 262.67 + 7.88A − 3.38B − 2.5C − 0.83A2 − 2.33B2

+ 2.42C2 − 6.5AB − 2.75AC + 3.75BC.

(5)

It can be seen from Eq. 5 that FA could increase the fluidity
while the increase of GGBFS and SF led to the fluidity decrease.
The effect of SCMs on fluidity can be ascribed to the morphology
effect (Giergiczny, 2019). As can be seen from Figure 2, the
spherical shape of FA can exhibit ball-bearing effect to decrease
the friction between particles and increase the fluidity. However,
GGBFS and SF have an irregular surface, which may increase the
friction (Li andWu, 2005; Jiao et al., 2017). Moreover, the specific
surface area of SF is much larger than that of cement and the
replacement of cement with SF can increase the demand for water
to lubricating (Wu et al., 2019). As a result, the addition of
GGBFS and SF decreased the fluidity. Figure 8 shows the
combined effect of SCMs on fluidity. Figures 8A,B illustrate
that when the replacement of FA was 0% (that is FA–−1 level), the
effect of GGBFS and SF on fluidity was not significant and the
fluidity was kept at the range of 240–260 mm, which is consisted
in Figure 8C. However, with the presence of FA, the addition of
GGBFS and SF reduced the fluidity gradually and GGBFS
reduced the most. This phenomenon is also reflected in

Table 5 in which FA*GGBFS showed a significant effect on
fluidity compared with FA*SF. It also can be seen in Figures
8A,B that without SF and GGBFS, the incorporation of FA could
increase the fluidity up to about 290 mm, which was comparable
with the fluidity of M17 shown in Table 4. That indicated that the
influence of FA and NS on fluidity could offset each other. Similar
results are reported by other investigations (Shirdam et al., 2019;
Xie et al., 2019). To increase fluidity, FA should be incorporated
and the amount of GGBFS and SF should be as small as possible.
At the same time, Figure 8C indicates that the combination of
GGBFS and SF was not advisable.

Effect of SCMs on Rheology
From Table 5, it also can be observed that the effect of SCMs
on yield stress was not significant, but had a highly significant
effect on plastic viscosity. Specifically, FA, GGBFS, and SF had
an extremely significant effect and FA*SF and GGBFS*SF as
well as FA2 had a highly significant effect. Moreover, FA and
GGBFS exhibited a negative effect on plastic viscosity while SF
displayed a positive effect, which are consistent with Ref. (Ting
et al., 2019; Duan et al., 2020; Jiang et al., 2020). As for
thixotropy, FA, and GGBFS had a significant effect on
thixotropy and the rest of the terms were not significant,
the quadratic term model of the yield stress, plastic
viscosity, and thixotropy are as follows:

Yyield stress � 4.92 + 0.04A − 0.45B − 0.3C + 0.66A2 + 0.21B2

− 0.06C2 + 0.67AB + 0.19AC − 0.15BC,

(6)

Yplastic viscosity � 1.13 − 0.09A − 0.11B + 0.11C + 0.06A2 + 0.03B2

+ 0.03C2 − 0.02AB − 0.05AC − 0.08BC,

(7)

Ythixotropy � 2683.33 − 275A − 377.13B + 34.63C + 237.83A2

+ 63.08B2 + 91.08C2 − 71.25AB + 68.75AC

− 256.5BC.

(8)

The combined effect of SCMs on yield stress, plastic viscosity,
and thixotropy is illustrated in Figures 9–11, respectively.

FIGURE 8 | The combined effect of SCMs on fluidity of nano-silica modified cement-based paste.
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It can be seen from Eq. 6 that FA could increase the yield stress
while GGBFS and SF made it decrease. However, Figure 9A
shows that the incorporation of 30% FA (that is FA–1 level) made
the yield stress increase slightly with GGBFS, which was not
consistent with Eq. 6. At the same time, the incorporation of
GGBFS made the lowest yield stress occurred at about FA–0 level,
which indicated that there existed an interaction effect between

FA and GGBFS. Figure 9B illustrates that whether or not FA was
added, the effect of SF on yield stress was not significant. On the
contrary, the incorporation of FA decreased the yield stress
sharply. That is in agreement with the result from Ref.
(Shanahan et al., 2016). Banfill (Banfill, 1991) reported that
the combination of GGBFS with SF resulted in lower yield
stress, which is consistent with Figure 9C and Eq. 6. Based on

FIGURE 9 | The combined effect of SCMs on yield stress of nano-silica modified cement-based paste.

FIGURE 10 | The combined effect of SCMs on plastic viscosity of nano-silica modified cement-based paste.

FIGURE 11 | The combined effect of SCMs on thixotropy of nano-silica modified cement-based paste.
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the discussion above, conclusions can be drawn that SF needs to
be mixed with FA or GGBFS to reduce the yield stress. Among
them, SF and GGBFS can exert a synergy effect to decrease the
yield stress sharply. However, the amount of FA should be about
15% when mixed with GGBFS.

Equations 7, 8 show that both FA and GGBFS could decrease
the plastic viscosity and thixotropy, but the addition of SF led to
the two parameters’ increase. From the perspective of
microstructure, the plastic viscosity characterizes the
deformation rate of the paste, which is mainly related to the
amount of flocculated structure (Ke et al., 2020). Thixotropy can
be explained by the formation and destruction of flocculated
structures (Roussel et al., 2012). Moreover, the formation and
amount of flocculated structure are related to the chemical
reactivity of SCMs (Muzenda et al., 2020). The higher the
chemical reactivity of SCMs, the more flocculated structure is
generated and the less deformable the paste is, which leads to the
higher plastic viscosity and thixotropy. Compared with cement,
SF has higher chemical activity; as a result, the incorporation of
SF leads to the formation of a large amount of flocculation rapidly
(Benaicha et al., 2015). Jiao (Xiao et al., 2020) stated that GGBFS
has lower hydraulic activity compared with cement, thus the
addition of GGBFS decreases plastic viscosity. Moreover, the
unburnt carbon coated on FA particles may decrease the
chemical activity, thus decreasing the plastic viscosity and
thixotropy (Alberici et al., 2017).

Figure 10A shows that the addition of FA and GGBFS
decreased the plastic viscosity to about 0.9 Pa·s, which was
comparable with the plastic viscosity of M17 shown in Table 4.
On the contrary, SF increased the plastic viscosity up to about
1.7 Pa·s and adding FA or GGBFS may slightly decrease the
plastic viscosity, which can be seen in Figures 10B,C. As for
thixotropy, Figures 11A,C plot that the synergy effect of
GGBFS and FA as well as GGBFS and SF could reduce
thixotropy significantly. Among them, the addition of
GGBFS changed the effect of SF on thixotropy, which
indicated that SF was suitable for incorporation in the
presence of GGBFS. However, the combination of FA and
SF was not desirable because the lowest thixotropy was about
2,800 and occurred at FA–1 level and SF–−1 level, which
demonstrated that FA was not suitable for mixing with SF.
Self-compacting concrete (SCC) often requires smaller plastic
viscosity and thixotropy to obtain higher flow velocity
(Alberici et al., 2017). From this point of view, the
combinations of FA and GGBFS or SF and GGBFS are
preferable while the combination of FA and SF is not advisable.

Effect of SCMs on Compressive Strength
Table 5 indicates that only FA had a significant effect on 3 d
compressive strength. FA and FA*SF imposed a highly significant
effect on 7 d compressive strength and followed by GGBFS and
SF2. Besides, GGBFS and FA exhibited significant and highly
significant effects on 28 d compressive strength, respectively.
Moreover, FA2 and GGBFS2 showed a highly significant effect
on 56 d compressive strength and followed by GGBFS,
GGBFS*SF, and SF2. The fitted quadratic term equations of
compressive strength are as follows:

Y3d C.S. � 43.05 − 8.03A − 2.15B − 1.15C + 3.8A2 − 1.27B2

− 1.77C2 + 1.28AB − 1.7AC − 1.74BC, (9)

Y7d C.S. � 84.47 − 5.11A − 3.64B − 2.6C − 2.6A2 − 0.58B2

− 7.03C2 + 0.39AB − 4.9AC − 4.17BC, (10)

Y28d C.S. � 111.25 − 5.33A − 4.57B − 1.96C − 3.61A2 − 4.48B2

− 4.24C2 + 2.17AB − 2.75AC − 4.32BC,

(11)

Y56d C.S. � 94.33 + 1.3A − 3.67B − 1.05C + 8.31A2 + 6.85B2

+ 4.92C2 + 0.63AB − 3.39AC − 5.06BC.

(12)

It can be seen from Eqs. 9–12 that SCMs can decrease the
compressive strength, except FA which increased the 56 d
compressive strength. This is because SCMs delay the early
hydration and generate less C-S-H in an early age, which is
closely related to compressive strength (Ting et al., 2020; Wang
et al., 2020). The combined effect of SCMs on 3, 7, 28, and 56 d
compressive strength is depicted in Figures 12–15,
respectively. It can be seen from Figures 12A,B that the
presence of FA decreased the 3 d compressive strength to
about 36 MPa, which was similar to M17 shown in Table 4.
However, the combination of SF and GGBFS kept the 3 d
compressive strength at a higher level, which is shown in
Figure 12C. Figures 13, 14 indicate that SF played an
important role to increase 7 and 28 d compressive strength.
At the same time, in the presence of SF, the incorporation of
FA or GGBFS would reduce the strength. Therefore, FA or
GGBFS was not suitable to be incorporated into blends
containing SF at a large amount. Figure 14A shows that the
combination of GGBFS–−0.5 level and FA–−0.5 level
contributed to the highest 28 d compressive strength while
Figure 15A shows the same level to the lowest 56 d
compressive strength, which indicated that the same
combination of SCMs may have a different effect on
compressive strength of different ages. Besides, in the
presence of SF, the effect of FA and GGBFS on 56 d
compressive strength was different. Specifically, the 56 d
compressive strength decreased initially but then increased
with the increase of FA while decreased steadily with the
GGBFS. Moreover, it also can be seen from Figures 13–15
that regardless of the amount of SCMs, the synergy effect of
SCMs and NS increased the compressive strength compared
with M17 shown in Table 4. Based on the above analysis,
conclusions can be drawn that SF contributes to the
compressive strength and GGBFS has a beneficial effect on
3 d strength. To obtain higher 7 and 28 d compressive strength,
FA or GGBFS cannot be incorporated at a large amount in the
presence of SF. As for 56 d compressive strength, the
combination of FA and SF shows a satisfactory result
compared with the other two combinations.

It can be seen from the above analysis that different SCMs have
different effects on fluidity, rheology, and compressive strength of
different ages. At the same time, the interaction between SCMs
makes the effect more complicated. As a result, a more scientific
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method should be utilized to optimize the mix proportion to
achieve desirable properties.

MULTI-OBJECTIVE OPTIMIZATION

In this part, a multi-objective optimization technique was
employed to find out the optimum solution (the appropriate

dosage of SCMs to satisfy target parameters). The criterion used
to evaluate the response optimization is the desirability
function. If one single response is needed to be optimized,
then the individual desirability function should be used.
Otherwise, the composite desirability function should be
used. For example, if one wants to get maximum response,
the desirability function is as follows (Ferdosian and Camões,
2017):

FIGURE 12 | The combined effect of SCMs on 3 d compressive strength of nano-silica modified cement-based paste.

FIGURE 13 | The combined effect of SCMs on 7 d compressive strength of nano-silica modified cement-based paste.

FIGURE 14 | The combined effect of SCMs on 28 d compressive strength of nano-silica modified cement-based paste.
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di �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

0 (Yi < Li )

[Yi − Li

Ti − Li
]wi

(Li <Yi <Ti)

1 (Yi <Ti )

, (13)

where di is the desirability; Li is the lowest acceptable value of the ith
response;Tiis the highest acceptable value of the ith response;wi is the
weight of the desirability function corresponding to the ith response.

Besides, if the weight of the responses is equal, the composite
desirability is calculated by

D � 														
d1 × d2 × · · · × dn

n
√

, (14)

where n is the number of response.
Multi-objective optimization aims to find out the appropriate

dosage of FA, GGBFS, and SF to satisfy the target parameters.
Generally speaking, self-compacting concrete (SCC) needs the
highest fluidity to satisfy its filling ability, the lowest plastic
viscosity to provide higher flow velocity, and the highest
compressive strength. In this part, taking the fluidity, plastic
viscosity, and 56 d compressive strength as examples to perform
multi-objective optimization and obtain the optimal proportion
of SCMs, it should be noted that the primary objective is to obtain
the maximum fluidity, minimum plastic viscosity, and maximum
56 d compressive strength. At the same time, the weights of the
responses are supposed to be equal. The results of multi-objective
optimization are shown in Table 6.

The dosage of SCMs corresponding to the coded value in
Table 6 can be calculated according to the linear relationship
between the coded value and dosage in Table 3. It can be seen
from Table 6 that, to obtain the maximum fluidity, minimum
plastic viscosity, and maximum 56 d compressive strength, the
optimum additions of FA, GGBFS, and SF were 29.4, 11.4, and

0.45%, respectively, and the desirability was 0.947. The
abovementioned analysis showed that multi-objective
optimization can be used to optimize the mix proportion.

CONCLUSION

In this study, the response surface method (RSM) was used to
investigate the effect of SCMs on workability, rheology, and
compressive strength of nano-silica modified cement-based
paste. Box-Behnken design (BBD) method was used to design
mix proportion and analysis of variance (ANOVA) was used to
determine the significance of the factors. The quadratic term
model was used for fitting the data and multi-objective
optimization. Based on the results presented in this research,
the following conclusions can be drawn:

(1) FA could increase the fluidity and yield stress while GGBFS
and SF made them decrease. FA should be incorporated in
blends containing SF or GGBFS in order to obtain adequate
fluidity. However, for the purpose of getting lower yield
stress, SF needs to be mixed with FA or GGBFS and 15%
of FA was advisable when mixed with GGBFS.

(2) FA and GGBFS decreased the plastic viscosity and
thixotropy, but SF led these two parameters to increase.
Response surface plot indicated that, adding 30% GGBFS
and 30% FA into nano-silica modified cement-based paste
could decrease the plastic viscosity from 1.445 to 0.9 Pa·s,
which was similar with reference sample (M17). Thus, SCMs
could improve the rheology of nano-silica modified cement-
based paste. In terms of quaternary blends, the combinations
of FA and GGBFS or SF and GGBFS were preferable to
achieve lower plastic viscosity and thixotropy.

FIGURE 15 | The combined effect of SCMs on 56 d compressive strength of nano-silica modified cement-based paste.

TABLE 6 | The results of multi-objective optimization of nano-silica modified cement-based paste containing SCMs.

Coded values Predicted values Desirability

FA GGBFS SF Fluidity (mm) Plastic viscosity (Pa•s) 56 d compressive strength (MPa)

0.96 −0.24 −0.97 280 1.08 112.39 0.947
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(3) Regardless of the amount of SCMs, the synergy effect of
SCMs and NS increased the 7, 28, and 56 d compressive
strength higher than that of reference sample (M17). The
amount of FA and GGBFS should be less than 15% when
mixed with SF in order to obtain higher 7 and 28 d
compressive strength. As for 56 d compressive strength,
the combination of FA and SF was acceptable compared
with other two combinations.

(4) The optimal mix proportion of SCMs was difficult to
calculate to obtain satisfied parameters due to the
interaction between SCMs. Therefore, multi-objective
optimization can be successfully applied to optimize the
mix proportion to achieve desirable target.
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