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This study explores the effects of the interactions among Na,O content,
metakaolin content and activator modulus on the compressive strength and
autogenous shrinkage of alkali-activated slag—metakaolin (AASM) materials.
The Box—Behnken RSM design was used to create an experimental scheme,
establish a model, and optimize the mix proportions. Fourier transform infrared
spectroscopy, scanning electron microscopy, and Mercury intrusion
experiments were used to analyze the compositions, microstructures, and
pore structures of the hydration products of the AASM, respectively. Results
showed that the interactions between the activator modulus and metakaolin
content, as well as Na,O content and metakaolin content, are the key factors
affecting the compressive strength and autogenous shrinkage, respectively, of
the AASM. Under the optimal conditions of Na,O content of 6%, sodium silicate
modulus of 1.5, and metakaolin/slag ratio of 1: 3, the relative errors in the model
verification test for compressive strength and autogenous shrinkage are 0% and
0.18%, respectively. In the water glass modulus and metakaolin content
interaction, Ca®*, A1**, and Si** ions in the composite system react with
several [SiO4]*" groups to form C-A-S-H and N-A-S-H gels, which fill each
other to make the composite structure denser. When Na,O interacts with
metakaolin, the OH™ and Na* in the solution react with A1** and Si** to generate
additional N-A-S-H, thereby reducing the compressive strength of the
composite system, mitigating autogenous shrinkage, and increasing volume
stability.
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1 Introduction

With the rapid development of the world economy, Portland
cement is widely used in roads, bridges, buildings, oceans, water
conservancy, and other engineering applications, and the demand is
rising. Cement production increased from 5.93 x 10°t in 2000 to
23.63 x 10°t in 2021, with an average annual growth rate of
approximately 27.13% (Sui and Liu, 2013; Li et al, 2020).
However, the production of Portland cement consumes
considerable energy and emits a large amount of CO,, which
causes tremendous pressure on the environment and natural
resources. In China’s dual-carbon strategy, using industrial by-
products, such as slag and fly ash, in place of cement is a critical
way to reduce CO, emissions.

Alkali-activated materials, a new type of cementitious
material with good durability and environmentally friendly,
are prepared using an alkaline activator and aluminosilicate
with mineral or industrial by-products, such as milled slag
powder and fly ash (Li et al, 2018; Ren et al, 2020; Zhan
et al,, 2022). Compared with Portland cement, alkali-activated
materials have excellent performance and low environmental
load (Provis, 2013; Li et al., 2017a; Chen et al., 2021; Zhu et al.,
2021; Ren et al.,, 2022a). Therefore, the preparation of concrete
using alkali-activated materials is an important means of energy
conservation and emission reduction in civil engineering and
sustainable development. Alkali-activated materials can be
divided into two categories according to their reaction
products: (1) alkali-activated high-calcium materials (such as
alkali-activated slag), which have type I C (-A)-S-H gel as the
main reduction product, and (2) alkali-activated low-calcium
materials (such as alkali-activated fly ash and metakaolin), which
have amorphous aluminum silicate hydrate (N-A-S-H) gel as the
main reaction product (Zhu et al., 2018). Alkali-activated high-
calcium materials have high strength, but have a short setting
time and poor volume stability. Alkali-activated low-calcium
materials have a long setting time, good volume stability, and
excellent durability but have low strength. Therefore, the
combination of alkali-activated high-calcium cementitious
materials and low-calcium cementitious materials can enable
the two types of materials to complement each other in
performance (Pu, 2010). Jiang (2016), Chen (2018), Luo
(2016), and Parveen et al. (2019) studied alkali-activated
slag-metakaolin cement and found that the setting time of
paste was significantly shortened with an increase in slag
content. Yip et al. (2004) found that the compressive strength
of slag-metakaolin materials increased and then decreased with
increased slag content. They exhibited the highest compressive
strength when the mass fraction of slag was 40 wt%. Yang et al.
(2015) obtained the optimal strength, density, and pore structure
of slag-metakaolin composite system when the slag content was
50%. Peng et al. (2020) and Cui et al. (2017) showed that a
metakaolin/slag mass ratio of 6:4 yielded the highest compressive
strength of geopolymer paste and a high reaction level. Fu et al.
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(2021) found that the addition of metakaolin to slag could
coarsen the pore structure of a hardened body, thereby
reducing the autogenous shrinkage and drying shrinkage of
alkali-activated slag. As for activators, Burciaga-Diaz et al.
(2013) and Ma et al. (2019) found that the compressive
strength of metakaolin-slag geopolymer paste with different
slag contents increased and then decreased with an increase in
modulus, and there were different optimal modulus values. In the
study of Fu et al. (2018), an alkali activator with a high alkali ion
concentration did not form stable reaction products when it
reacted with solid raw materials, thus decreasing the compressive
strength of oligomer paste. Zhan et al. (2022) found that when the
Na,O content was between 8% and 12%, a rise in alkali content
led to the drying and contraction of alkali-activated metakaolin
geopolymers and an increase in autogenous and chemical
shrinkage. As stated by Wang et al. (2008), alkali-activated
metakaolin cementitious materials performed well with a
8%
Regarding mix proportion optimization, Abdelaziz et al.

1.0 modulus of sodium silicate and Na,O content.
(2019) concluded that slag-based polymers performed the best
at a GBFS/metakaolin ratio of 1, [GBFS + metakaolin]/activator
ratio of 3, and modulus of sodium silicate of 1.6-1.8; they also
stated that the modulus of sodium silicate considerably
influenced the performance of the slag-based polymers. The
cementitious material of Chi and Huang (2013) exhibited the
highest strength at a fly ash/slag mass ratio of 1, sodium silicate
modulus of 1.0, Na,O content of 6%, and water/cement ratio of
0.5. Zheng and Zhu (2015) obtained the optimal ratio of alkali-
activated slag cementitious materials when water consumption
was 35% and 42% of the slag mass, the water glass consumption
was 12% of the slag mass, and the water glass modulus was 1.0.
Davidovits (1989) found that 3.5-4.5, 0.2-0.48, and 10-25 were
the best ratios of the alkali-activated metakaolin cementitious
materials n (S5iO,)/n (Al,O3), n (Na,O)/n (SiO,), and n (Na,O)/n
(H,0), respectively. As reported by Barbosa et al. (2000), 3.8,
0.25, and 10 were the best n (SiO,)/n (Al,O3), n (Na,O)/n (Si0O,),
and n (H,O)/n (Na,O) ratios, respectively.

Different methods have been used to construct performance
prediction models of alkali-activated materials. Zhong et al. (2021)
used the lasso algorithm to establish a macro performance
prediction model of metakaolin-slag geopolymer paste; the
correlation coefficient between the predicted and experimental
values was greater than 0.92. Liu et al. (2021) used RSM to
optimize and model the ratio of paste composite filling and
determined 30: 15: 1: 50: 4 as the optimal cement/lime/gypsum/
slag/calcium formate ratio. At this time, the relative errors in their
model verification test were 3.25% and 0.93%; both were less than
5%, indicating that the model had high accuracy and strong
reliability. Yang et al. (2016) and Zhang et al. (2013) used BP
neural networks to establish a prediction model and optimize the
optimal ratio of cementitious composite materials. Khan et al. (2020)
used response surface methodology (RSM) to design the
optimization and statistical modeling of cement paste containing
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irradiated plastic waste and silica fume. Zhou et al. (2022) used RSM
to optimize the performance of desulfurization-gypsum-based
cementitious composite materials. Results showed that the
optimal proportions of sulfoaluminate cement, mineral powder,
and quicklime were 7.82%, 21%, and 5.22%, respectively. With these
proportions, the composites had excellent strength and water
resistance. Gao et al. (2016) used RSM to optimize slag alkali-
activated cementitious materials’ design and statistical modeling.
According to their findings, when the modulus of the alkali activator
was 1.0-1.4, the mass fraction of the alkali activator was 25%-30%.
The mass ratio of the activator to solid was 0.50, the components in
the slag alkali-activated cementitious materials could fully play a
synergistic role leading to an excellent early performance of the
materials.

The setting/hardening mechanism of alkali-activated
cementitious materials differs from that of ordinary portland
cement (OPC). The former’s ratio design and preparation theory
is far less mature than those of the latter. In addition, setting time,
early strength, and shrinkage are not easy to control when
preparing alkali-activated cementitious materials. Thus, their
raw materials, ratio schemes, and other aspects have been
studied (Puertas et al., 2011; Li et al., 2013) to improve their
performance. The single factor change method, which is used in
most relevant studies, cannot reflect the interaction between
factors. The
cementitious composite systems is complex, and the influence

various composition of alkali-activated
of such interaction on their performance is remarkable (Susan
et al, 2007; Frank et al., 2009). However, research on this
interaction of factors is limited, and related mechanisms must
be further studied.

This paper, selected main component parameters, such as
Na,O content, modulus change, and metakaolin content, as
influencing factors. RSM was used to design an experimental
scheme systematically and analyze the results of alkali-activated
slag-metakaolin (AASM) materials (Zhao, 2013). The factors
and the influence laws of the interaction between each
component on the compressive strength and autogenous
shrinkage of AASM were clarified. FTIR, SEM, and MIP
characterized the microstructure of the materials. The effects
of factor interaction on the composition of hydration products,
microstructure morphology, and pore structure of AASM were
analyzed, thereby providing a theoretical basis for the
composition design of AASM.

2 Materials and methods
2.1 Materials

2.1.1 Slag

In this study, slag (Ningxia Iron and Steel Group, Zhongwei
City, China), a by-product of blast furnace ironmaking, was used as
the main binder. Slag is mainly composed of calcium aluminate
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materials. Its density and specific surface area were 2890 kgm™ and
410 m* kg™', respectively. The chemical composition and particle
size distribution were determined by XRF and laser particle size
analysis, respectively. The chemical composition and particle size
distribution are shown in Table 1 and Figure 1, respectively.

2.1.2 Metakaolin

Metakaolin (Inner Mongolia Chaopai Company, Hohhot
City, China) was used as a composite binder. It is a high-
activity amorphous aluminosilicate material with kaolin clay
calcined at 600°C-900°C. Its density and specific surface area
were 2300 kgm > and 800 m* kg ™', respectively, and its chemical
composition and particle size distribution are shown in Table 1
and Figure 1, respectively. Metakaolin content replaces slag (0%,
25%, and 50% of raw material weight).

2.1.3 Alkaline activator

The alkaline activator was a solution composed of a sodium
silicate solution, solid sodium hydroxide, and water. The sodium
silicate solution used in this study (Linyi Lusen Chemical Co.,
Ltd., China) had a SiO, content of 29.94 wt%, Na,O content of
8.86 wt%, and water content of 61.9 wt%. Sodium hydroxide
flakes with a purity of 99% (Ningxia Jinyuyuan Chemical Group
Co., Ltd.) were used to adjust the modulus of sodium silicate. The
water was deionized.

2.1.4 Experimental sand

Standard sand was used to prepare AASM. It was produced by
Xiamen Aisiou Standard Sand Co., Ltd., and conformed to the GB/T
17671-1999 (1999) specification for cement mortar strength tests. Its
particle diameter, specific gravity, and fineness modulus were
0.08-2 mm, 141, and 2.30, respectively. Specific gravity is the ratio
of the substance density (fully dense state) to the density of 3.98°C
pure water at standard atmospheric pressure. The fineness modulus is
an index to characterize the degree and type of natural sand grain
diameter.

2.2 Experimental design based on RSM

The Box-Behnken RSM design was used for the
experimental design of cementitious composite systems. As
shown in Figure 2A, the metakaolin content, alkali content
(Na,O content), and modulus (Ms = n (SiO,)/n (Na,O)) were
selected as the ratio variables to design the experiment. The
response values were the compressive strength (Y;) and
autogenous shrinkage (Y,) of the AASM. According to
References (Fu et al., 2010; Zarina et al., 2012) and a trial
test, the primary variation ranges of the three variables were
determined, and quadratic RSM was directly used for the
experimental  design. This method was wused for
17 experiments, including a group of points and five

central points at the midpoint of each side for error
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TABLE 1 Chemical compositions of metakaolin and slag.

10.3389/fbuil.2022.1020217

Material Oxide composition (wt%)
Kzo NaZO SO3 si02 Fe203 A1203 MgO CaO Ti02 LOI
Slag 0.83 0.73 0.13 35.88 0.46 10.65 11.43 33.54 1.14 1.30
Metakaolin 0.44 0.41 — 49.78 0.93 34.63 2.58 — 1.01 1.10
Notes: LOL is the loss on ignition.
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FIGURE 1

slag and metakaolin.

Physicochemical properties of raw materials: (A) Slag; (B) Metakaolin; (C) Particle size distributions of slag and metakaolin; and (D) XRD results of

estimation (Shervin and Soheil, 2018). Table 2 and Figure 2
show the different encodings and levels of the studied
independent variables. In addition, the water/binder ratio
(ratio of water in activator to binder) of the AASM was 0.4.

According to Formula (1), the optimal response conditions of
the compressive strength and autogenous shrinkage of the AASM
were obtained using the optimal predictive quadratic model
(Auta and Hameed, 2011).

k k 2 k1 ok
Y =B+ Y BuXit| YBXi | +) ) BuXiX;+e (1)
i=1 i=1

i=1 j=itl

In the formula, Y is the predictive response, 3 is the

regression coefficient, X; and X; are the influencing factors of
the independent variable, k is the number of investigated and

optimized factors, and e; is the random error. Compressive
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FIGURE 2

Box—Behnken design for three independent variables of prepared geopolymer paste based on (A) coding, (B) level, and (C) coordinate

representing the value.

TABLE 2 Response surface factor design and horizontal coding.

Independent variable factor Coding and level

-1 0 1
Na,O content (A; wt%) 4 6 8
Activator modulus (B) 1.0 1.5 2.0
Metakaolin replacement ratio (C; wt%) 0 25 50

strength (at 28 days) and autogenous shrinkage (at 14 days)
were used as the response of analysis and statistical

interpretation.

2.3 Preparation method of specimens

The AASM was tested according to the GB/T 17671-2021
(2021) standard for cement mortar strength testing. First, the
sodium silicate solution, solid sodium hydroxide, and
deionized water were mixed to prepare alkali activators
with Na,O mass fractions of 4%, 6%, and 8% and
activator modulus of 1.0, 1.5, and 2.0, respectively, and
aged for 24 h. Metakaolin was mixed with slag according
to total binder mass values of 0%, 25%, and 50%, and the
mixture was poured into a planetary mixer for premixing to
ensure an even mixing of slag and metakaolin. Finally, the
activator and standard sand of the corresponding masses
were added to the mixer according to a water/binder ratio of
0.4 and a binder/sand ratio of 1:3. The mixed paste was
stirred at low speed for 2 min, stirred at high speed for 3 min,
and poured into a mold sized 4 cm x 4 cm x 4 cm (length x
width x height). Each specimen was vibrated on a vibrating
table for 3 min to remove the bubbles in the paste. Then, the
specimen was placed in a standard curing box for 24 h
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(20°C +
demolded, and maintained until the preset test age.

2°C temperature and >90% relative humidity),

2.4 Test methods

2.4.1 Compressive strength

The strength of the AASM composite paste was tested
according to the GB/T 17671-2021 (2021) standard for
cement mortar strength testing. The specimens were prepared
according to the ratios in Table 3 and the method in Section 2.3.
The specimens were cured in a standard curing box until 28 days.
The compressive strength of the specimens was tested by a
constant-stress pressure test at a loading rate of 2.4 kNs™', and
the average compressive strength of three specimens was
recorded.

2.4.2 Autogenous shrinkage

Autogenous shrinkage was tested using CABR-ZES
noncontact bellows in accordance with the ASTM C1698-2009
(2009) testing standard for the autogenous shrinkage of cement
paste and mortar. The binder/sand ratio was 1: 3, the inner
diameter of the bellows was 29 mm, and the length was 430 mm.
The prepared AASM cementitious composite material mortar
mixtures were loaded into the bellows. The bubbles in the bellows
were eliminated by vibration on the vibrating table, and the
bellows were sealed to prevent water loss. Then, the bellows were
placed on special support and stored at a constant temperature of
23°C £ 1°C. Shrinkage (c) was automatically sampled every 1 min,
and the samples were continuously collected over 14 days. The
average value of three specimens was recorded as the final result.

Calculation of autogenous shrinkage: After 14 days, the
model specimens were removed from the bellows, and the
length of each specimen (L) was measured using an
electronic vernier caliper with an accuracy of 0.01 mm. The
plastic plug in each bellow was taken out, and its length (L)

frontiersin.org
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TABLE 3 RSM design and test results of AASM.

Number Coded value 28 days compressive
strength (MPa)

A (wt%) B C (wt%) Actual value

1 6 2 0 80.22

2 6 15 25 82

3 6 1 0 84.07

4 4 2 25 30.2

5 8 1 25 77

6 6 15 25 82.4

7 6 2 50 67.28

8 4 1 25 326

9 8 15 50 73.15

10 4 15 50 5.13

11 6 1 50 24

12 8 15 0 98.5

13 6 15 25 83.4

14 6 15 25 80

15 4 15 0 52.6

16 6 15 25 81.4

17 8 2 25 70

was measured using the electronic vernier caliper. After 14 days,
the slurry length in the bellows was L = L, — L, whereas the paste
length in the initial bellows was L, = L + ¢. The autogenous
shrinkage rate is calculated according to Eqs 2, 3.

~AL=L-1L, )
L-1L,

L 3)

&

In the formula, L is the length of the mortar in the bellows at
time ¢, mm; Ly is the length of the mortar in the initial bellows,
mm; AL is the shrinkage value of the mortar at time £, mm; and ¢

is the autogenous shrinkage rate of the mortar at time ¢, um-m™".

2.4.3 Microstructural tests

Paste specimens of the cementitious materials were prepared
according to Table 3. At the testing age, the paste specimens were
crushed, placed in anhydrous ethanol for 3 days to terminate
hydration, and placed in a vacuum drying oven for 24 h. Finally,
FTIR, SEM, and MIP were performed. A Tensor 27 infrared
spectrometer (Bruker, Billerica, MA, US; 4000-400 cm™ test
range; 2 cm ' resolution) was used for phase analysis with the
sample particle size <74 um. This particle size was chosen based
on other literature (Luo et al, 2022). A Quanta 200 scanning
electron microscope (FEI, Hillsboro, OR, US; 5nm resolution;
20-1x0000 magnification) was used to observe the specimen
microstructures period. Before the examination, the dry samples
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14 days autogenous shrinkage
(wm-m™)

Predicted value Actual value Predicted value
77.76 -2223.25 -2197.73
81.84 ~185.47 ~186.27
86.48 ~1665.01 ~1692.26
3259 -280.31 ~246.74
74.61 -218.03 -2516
81.84 -189.47 -186.27
64.87 ~420.59 -393.33
0.7763 -93.15 -6.79
73.08 -369.05 -309.95
5.15 -35.78 -96.61
26.46 -18.17 -43.69
98.48 ~2316.34 ~2255.51
81.84 ~192.47 ~186.27
81.84 ~180.47 ~186.27
52.67 ~1544.92 ~1604.02
81.84 -183.47 -186.27
72.48 -780.41 -866.76

were coated with gold in a vacuum chamber (gold coating in order
to make the AASM material has better conductivity). Finally, an
Auto Pore IV 9510 automatic Mercury porosimeter (Nocros
Georgia, Us;
measurement range) was used for pore structure analysis.

Corporation, Norcross, 5 nm-0.34 mm

3 Results and discussion
3.1 Regression model analysis

The RSM test results were nonlinearly fitted via the least
squares method to obtain regression models of the compressive
strength and autogenous shrinkage of the AASM, as shown in Eq.
4, 5.

Y, = -365.30 + 89.09A + 223.25B — 2.58C — 8.49AB + 0.11AC
+0.94BC - 5.41A% - 60.36B” — 0.0046C”
4
Y, = -2378.17 + 190.04A + 1088.98B + 81.47C — 93.80AB
+2.19AC + 3.12BC — 17.68A% — 343.88B* — 1.30C* (5)

In the formula, Y; and Y, are the compressive strength and
autogenous shrinkage prediction value, respectively, and A, B,
and C are the Na,O content, activator modulus, and metakaolin
content ratio, respectively. A positive (negative) coefficient
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Autogenous shrinkage
®— Actual value
*— Predicted value

Experimental and predicted results of AASM cementitious composite specimens. (A) Compressive strength and (B) Autogenous shrinkage.

indicates that a positive (negative) change in the independent
variable influence factor causes an increase (decrease) in the
response value.

3.1.1 ANOVA

Figure 3 and Table 3 show the experimental and predicted
values of the response surface design for the compressive strength
and autogenous shrinkage of the AASM. The results predicted by
the model almost coincide with the measured values. For further
evaluation of model accuracy and reliability, ANOVA was
performed to conduct an explicit model test, and the results
are shown in Table 4. The significance of independent variable
influencing factors in a regression model for the predicted value
of response is generally evaluated using the p value (Zhang et al.,
2017; Lin et al., 2018); p < 0.0001 indicates a highly significant
impact, p < 0.05 denotes significant impact, and p > 0.05 suggests
that the impact is not significant. According to Table 4, the
compressive strength of the 28 days specimen and the p value of
the autogenous shrinkage model of the 14 days specimen are is
than 0.0001, indicating that the model is highly significant and
reliable.

3.1.2 ANOVA and significance test of response
surface model

The statistical analysis of model fitting accuracy is shown
in Table 4. According to Table 4, the complex correlation
coefficient (R?) of the compressive strength model is 0.9961,
the corrected correlation coefficient (RAdjz) 15 0.9911, and the
predicted correlation coefficient (Ry,.q’) is 0.9441, indicating
that 99.11% of the change in the compressive strength
response value can be explained by this model. The
complex correlation coefficient (R’) of the autogenous
shrinkage model is 0.9965, the corrected correlation
coefficient (Ryq;%) is 0.9919, and the predicted correlation
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coefficient (Rp,eq”) is 0.9434, indicating that 99.65% of the
change in the autogenous shrinkage response value can be
explained by this model. Overall, the compressive strength
and autogenous shrinkage model have high accuracy.

The experimental and predicted values of the compressive
strength and autogenous shrinkage model are compared in
Figure 4. The experimental values are evenly scattered along
the y = x line and on both sides of the line. The experimental and
predicted values show good consistency. The model fit is high,
and the fitting effect is good. In summary, the quadratic
polynomial model can be used to analyze and optimize the
compressive strength and autogenous shrinkage of the AASM,
thereby providing a theoretical basis for the composition design
of such materials.

3.2 Three-dimensional response surface
interaction analysis

A three-dimensional response surface can intuitively
describe the relationship between the interaction of two
factors and a response value, thus summarizing the
influence law of the change in the factor level on the
response value. The greater the curvature of the response
surface, the more significant the interaction of factors.
However, this suggests that the influence of factors is not
evident (Lao et al., 2018). A three-dimensional response
surface diagram was constructed with each factor level as
the X- and Y-axis coordinates and the compressive strength
and autogenous shrinkage as the Z-axis coordinate. The
response surface shape and contour explain the strength of
interaction between factors. The steeper the response surface,
the more elliptical the contour and the more evident the
interaction between factors. The smoother the response
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TABLE 4 ANOVA of response surface regression model.

Compressive strength Source Sum of square
Model 13716.33
A 6467.26
B 440.6
C 2658.3
AB 287.98
AC 122.32
BC 555.31
A? 1971.06
B? 958.61
c 34.41
Residual 53.86
Lack of fit 47.51
Pure error 6.35

Cor total 13770.18 16

R* = 0.9961 Ryai® = 09911

Autogenous shrinkage Source Sum of square
Model 9.68x10°
A 3.74x10°
B 3.66x10°
C 5.96x10°
AB 35195.46
AC 47992.95
BC 6069.96
A? 21067.92
B? 31118.45
c 2.76x10°
Residual 34434.15
Lack of fit 34343.35
Pure error 90.8
Cor total 9.72x10°

R* = 0.9965 Rag’ = 0.9919

DF

VSR |

DF

10.3389/fbuil.2022.1020217

Mean square F Value p Value Significance
1524.04 198.08 <0.0001 Significant
6467.26 840.57 <0.0001 —

440.6 57.27 0.0001 —

2658.3 345.51 <0.0001 —

287.98 37.43 0.0005 —

122.32 15.9 0.0053 —

555.31 72.18 <0.0001 —

1971.06 256.19 <0.0001 —

958.61 124.59 <0.0001 —

34.41 4.47 0.0723 —

7.69 — — —

15.84 9.97 0.025 Significant
1.59 — — —

Rpre = 0.9441 Cy = 4.39%

Mean square F value p value Significance
1.08x10° 218.66 <0.0001 Significant
3.74x10° 76.02 <0.0001 —
3.66x10° 74.32 <0.0001 —
5.96x10° 1211.89 <0.0001 —
35195.46 7.15 0.0318 —
47992.95 9.76 0.0168 —

6069.96 1.23 0.3033 —
21067.92 4.28 0.0773 —
31118.45 6.33 0.0401 —
2.76x10° 560.91 <0.0001 —
4919.16 — — —
11447.78 504.31 <0.0001 Significant
227 — — —

Rpre = 0.9434 Cy = 9.94%

Notes: DF, degree freedom; F value, ratio of the mean square to the residual term; p value, influence degree value of each factor; R?, complex correlation coefficient; RAdjz, correction

correlation coefficient; Rp,., predictive correlation coefficient; Cy, coefficient of variation.

surface, the more circular the contour and the less obvious the
interaction between factors. The more numerous the contour
lines distributed on the coordinate axis, the more noticeable
the influence of factors.

3.2.1 Interaction analysis of compressive
strength

Figure 5A is the compressive strength response surface
diagram of the AASM under the interaction of Na,O content
and activator modulus at a metakaolin content of 25%, and
Figure 5B is the contour map corresponding to the response
surface. According to Figure 5A, when the modulus is 1.0-2.0,
the compressive strength increases with Na,O content. When the
modulus is 1.0 and Na,O content increases from 4% to 8%, the
compressive strength of the AASM increases from 3.26 to
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77 MPa (an increase of 2261.96%). Hence, Na* and OH™ are
the main forces driving the rise in compressive strength. When
the Na,O content is 4%-8% and the activator modulus increases
from 1.0 to 2.0, the compressive strength of the AASM increases
and then decreases with the modulus. Thus, the modulus of the
activator can promote the development of the compressive
strength of the materials to a certain extent. In Figure 5B
contour map, the interaction between Na,O content and
activator modulus is more evident. The reason is that a high
Na,O content is beneficial to the dissolution of a solid precursor,
and a high modulus can quickly provide a large number of
silicates, thus accelerating the hydration reaction of a composite
system. However, a high modulus will cause the hydration
products generated by the rapid reaction to cover the

unreacted solid precursor, thereby reducing the hydration
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products and compressive strength. Therefore, a high Na,O
content is conducive to the better functioning of modulus
factors. Moreover, a certain range of the modulus can
promote the Na,O content factor. In their interaction process,
the contour lines are more distributed in the abscissa than in the
ordinate (Figure 5B), indicating that the effect of the Na,O
content on the compressive strength of the cementitious
composite materials is greater than that of the activator
modulus. With an increase in Na,O content, the compressive
strength of the AASM increases, which is consistent with the
results of Zhan et al. (2022) and Ma Qianmin et al. (Ma et al.,
2019). This is due to the preparation of cementitious materials; if
the Na,O content is small, the slag-metakaolin monomer is in
the low-alkalinity environment, and the monomer dissolution
rate is low (Rynel, 2015), then a slow hydration reaction of
cementitious materials will decrease the compressive strength.
With an increase in alkali content, the monomer dissolution rates
of the slag and metakaolin solid precursors increase, monomer
collision quickly generates C-A-S-H and N-A-S-H gels, and
compressive strength increases. However, Shengtu et al. (2019)
found that with a rise in alkali content, the compressive strength
of geopolymers increased and then decreased, and the reason
may be related to the types of raw materials.

Figures 5C,D depict the effect of the interaction between
metakaolin content and Na,O content on the compressive
strength of the AASM when the modulus of the activator is
1.5. As seen in Figure 5C, compressive strength decreases with an
increase in metakaolin content but increases with an increase in
Na,O content. When the Na,O content is 4% and the metakaolin
content increases from 0% to 50%, the compressive strength of
the AASM decreases from 84.1 to 24 MPa (reduced by 71.46%).
When the metakaolin content is 50% and the Na,O content
increases from 4% to 8%, the compressive strength increases
from 5.13 to 73.15 MPa (increased by 1325.93%). These results
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show that a high alkali content is beneficial to the dissolution of
solid precursors. C-A-S-H and N-A-S-H gels are rapidly
generated by the collision between dissolved monomers,
which improves the compressive strength of the AASM.
However, high content of metakaolin is not conducive to the
development of the compressive strength of AASM. In the
presence of both metakaolin and slag, under the action of an
alkaline activator, slag dissolves before metakaolin. During the
reaction, slag consumes a large amount of OH", and the alkaline
solution concentration decreases. With an increase in metakaolin
content, the depolymerization ability of the low-alkalinity
solution on aluminosilicate minerals decreases. At this time,
N-A-S-H gel is the main hydration product, and the amount
of C-A-S-H gel is small, resulting in a decrease in the compressive
strength of the system (Zhan et al, 2022). As illustrated in
Figure 5D, when the metakaolin content and Na,O content
interact, the contour distribution in the abscissa is wider than
that in the ordinate, indicating that the influence of Na,O content
on compressive strength is greater than that of metakaolin
content.

Figures 5E,F show the effects of the interaction between the
modulus of the activator and the metakaolin content on
compressive strength. The compressive strength of the AASM
increases and then decreases with an increase in the modulus of
the activator and decreases with an increase in the metakaolin
content. This indicates the existence of an optimal activator
modulus, which maximizes the compressive strength of the
AASM. Furthermore, high content of metakaolin has an
inhibitory effect on compressive strength. This is because a
large modulus quickly generates a large quantity of SiOs*" for
the system. Despite the considerable amounts of SiO;* and
metakaolin, the slag hydrolysis of Ca*, Si*', and A" reacts to
form C-S-H, C-A-S-H, and N-A-S-H gels. Ca/Si changes in the
molding process and the possible existence of free silica gel easily
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lead to internal defects in the cementitious material system,
resulting in a decrease in compressive strength. In addition,
the higher the modulus, the lower the alkalinity of the
solution; metakaolin and slag activity cannot be effectively
stimulated (Duxson et al., 2005). As the high metakaolin
content further increases, the large quantities of Si*" and AI’*
dissolved in metakaolin react with SiO;>", hence increasing the
generated N-A-S-H and reducing system strength (Chen, 2018).
As shown by the contour map in Figure 5F, when the modulus of
the activator and metakaolin content interact, the contour
distribution in the ordinate is wider than that in the abscissa,
indicating that the effect of metakaolin content on the
compressive strength of the AASM is greater than that of the
activator modulus.

ANOVA and response surface analysis findings imply that
Na,O content evidently affects the compressive strength of the
AASM as a single factor. The significance of the effects of the
factor interactions on the AASM is in the following order:
activator modulus and metakaolin content > Na,O content
and activator modulus > Na,O content and metakaolin
content. This is because, in a certain range of the modulus,
the SiO3*™ in the solution is conducive to the acceleration of the
hydration reaction of the slag-metakaolin composite system,
increase in the reaction products and enhancement in the
compressive strength of the AASM composite system.

3.2.2 Autogenous shrinkage

The autogenous shrinkage response surface diagram and
contour map of the AASM under the interaction of Na,O
content and activator modulus at 25% metakaolin content are
shown in Figures 6A,B. As seen in Figure 6A, when the modulus
is 1.0 and the Na,O content increases from 4% to 8%, the
autogenous shrinkage (absolute value) of the AASM increases
from 93.15 to 218.03 pm m ™' (increased by 134.06%). When the
modulus is 2.0, and the Na,O content increases from 4% to 8%,
autogenous shrinkage (absolute value) increases from 280.31 to
780.41 yumm™" (increased by 178.41%). In summary, the
autogenous shrinkage of the AASM composite increases with
Na,O content and activator modulus. The reason is that in an
environment with a high alkali content and high activator
modulus, the OH™ and [SiO4]*
alkaline solution increase, and the metakaolin and slag

ion concentrations in the

particles rapidly react with the OH™ and [SiO4]*" plasma, and
the water in the system is consumed quickly to form a gel
network system, resulting in capillary pressure and increasing
autogenous shrinkage (Li et al, 2021). The contour lines in
Figure 6B are nearly parallel, indicating that the autogenous
shrinkage effect of Na,O content and activator modulus on the
AASM is not obvious. Furthermore, within the variable range of
Na,O content and activator modulus, the autogenous shrinkage
change of the AASM is small, which may be due to the large
Na,O content, high solution pH, and strong alkalinity. The larger
the modulus of the activator, the lower the pH of the solution and
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the weaker the alkalinity. When the Na,O dosage and activator
the
compensates for each other such that their interaction effect is

modulus increase simultaneously, alkaline solution
not obvious.

Figures 6C,D reflect the effect of the interaction between
metakaolin content and Na,O content on the compressive
strength of the AASM when the modulus of the activator is
1.5. As shown by Figure 6C, when the Na,O content is between
4% and 8%, the autogenous shrinkage of the AASM decreases
with an increase in metakaolin content. The autogenous
shrinkage value increases with Na,O content. For example,
with 4% Na,O content, the metakaolin content increases from
0% to 50%, and the autogenous shrinkage value decreases from
1544.92 to 3578 umm™' (reduced by 97.68%). When the
metakaolin content is 50% and the Na,O content increases
from 4% to 8%, the autogenous shrinkage of the AASM
from 3578 to 369.05pumm™" (increased by
931.44%). Under the interaction of metakaolin and Na,O

contents, Na,O (metakaolin) content increases (decreases) the

increases

autogenous shrinkage of the AASM. Because of the rising
metakaolin content, metakaolin reacts to produce a gel
product with a zeolite-like structure under the action of the
alkali solution, which improves the uniformity of the system
structure and enhances the autogenous shrinkage of the AASM
(Li et al., 2021). However, Yang et al. (2017) found that with an
increase in curing age, metakaolin geopolymers expanded and
then shrunk, and a higher metakaolin content led to a longer
expansion time. Palumbo et al. (2018) and Antonio et al. (2008)
also found early expansion. The reason for the expansion may be
related to the zeolite-like structure (i.e., three-dimensional
network structure) generated by the hydration reaction of
metakaolin. Figure 6D contour map shows that the interaction
between metakaolin content and Na,O content is more evident,
and the effect of metakaolin content on autogenous shrinkage is
greater than that of Na,O content.

Figures 6E,F show the effect of the interaction between the
modulus of the activator and metakaolin content on the
autogenous shrinkage response surface of the AASM. As
illustrated in Figure 6E, autogenous shrinkage increases with
the modulus but decreases with an increase in metakaolin
content. The reason is that the larger the modulus, the more
abundant the active [SiO4]*" groups in the activator solution.
Metakaolin and slag particles dissolve rapidly under the catalysis
of OH", thus releasing Ca®*, A1°*, and Si** plasma to react with
many [SiO4]*" groups and then produce more C-A-S-H gel; this
C-A-S-H gel
autogenous shrinkage of the composite system (Chen et al,
2014; Liao et al, 2017; Yang, 2020). As the metakaolin
content increases, N-A-S-H formation is enhanced, and the

shrinks considerably, resulting in greater

C-A-S-H gel is reduced, so system shrinkage is mitigated.
However, Wang (2018) found that with an increase in the
activator modulus, the autogenous shrinkage of cementitious
composite materials decreased, which may be related to the types
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of raw materials. The contour map in Figure 6F shows that the
interaction between metakaolin content and activator modulus is
highly obvious, and the effect of metakaolin content on
autogenous shrinkage is greater than that of the activator
modulus.

ANOVA and response surface analysis results indicate that
metakaolin content is an obvious single factor affecting the
autogenous shrinkage of the AASM. The significance of the
effects of the factor interactions on autogenous shrinkage is in
the following order: Na,O content and metakaolin content >
Na,O content and activator modulus > activator modulus and
metakaolin content. The reason is that a high Na,O content is
beneficial to the dissolution of a solid precursor, thereby
accelerating the hydration reaction of cementitious materials.
This results in gel precipitation in a very early stage, which slows
the subsequent hydration reaction, thereby enhancing the pore
size, porosity, and autogenous shrinkage of the composite
system. A high metakaolin content provides large amounts of
A1’* and Si** for the system, which makes the reaction generate
more N-A-S-H and reduces autogenous shrinkage. Therefore,
under the action of a high alkali Na,O content, metakaolin plays
a larger role. On the contrary, autogenous shrinkage is reduced
under a high metakaolin content. In general, the two factors share
a complementary relationship in their interaction process.

3.3 Microscopic analysis

ANOVA and response surface analysis results (Section 3.1
and Section 3.2) show that the Na,O and metakaolin contents are
the significant factors affecting the compressive strength and
autogenous shrinkage of the AASM. In addition, the interactions
between Na,O and metakaolin and between the sodium silicate
modulus and metakaolin are the significant factors affecting
compressive strength and autogenous shrinkage, respectively.
Five groups of samples (fifth, ninth, 10th, 12th, and 17th)
were selected to study the effects of Na,O content, sodium
silicate modulus, metakaolin content, and their interactions on
the phase compositions, microstructures, and porosity of
the AASM.

3.3.1 FTIR analysis

FTIR spectra of the selected samples were obtained to
describe the effect of the interactions among Na,O content,
metakaolin content, and water glass modulus on the phase
compositions of the AASM, and the results are shown in
Figure 7. The findings from test pieces 5, 9, 10, and
17 suggest that during the interaction of the Na,O content
and the activator modulus, more Na,O is generated, and the
Si-O-Si vibration peaks at approximately 455-456 and 870 cm™
move toward low wave numbers. Therefore, the substitution rate
of Al for Si is higher in a highly alkaline environment; that is, the
reaction level of the AASM is higher, which proves that a highly
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FIGURE 7
FTIR spectra of AASM.

alkaline environment is conducive to the reaction of metakaolin
and slag. This is consistent with Zhan et al. (2022). The vibration
peak at 1047-1050 cm™" represents the vibration of the T-O-Si
(where T is Si or Al) asymmetric functional group. With an
increase in Na,O content from 4% to 8%, the wave number of this
band decreases from 1050 to 1047 cm™'. This is because the
incorporation of Na,O significantly promotes the reaction of the
AASM. The reaction products (N-A-S-H and C-A-S-H gels)
increase, and the strength of the AASM increases. The vibration
peak at 1427-1428 cm™', which represents the stretching
vibration of O-C-O, gradually increases with an increase in
Na,O content owing to the reaction of the alkaline activator on
the sample surface with carbonate in the atmosphere (Bernal
et al.,, 2011; Wan et al., 2017). The band near 1800 cm™" is due to
the stretching vibration of hydroxyl (-OH) in the Si-OH or
Al-OH functional groups and due to the H-O-H stretching
vibration caused by water changes in the AASM. With an
increase in the excitation modulus, the asymmetric stretching
of Si-O-T shifts to a higher wave number. This is because more
silicates are introduced into the system to form a silicon-rich gel
phase (Bernal et al., 2011). In addition, compared with that in the
Na,O content, an increase in the activator modulus can directly
add more silicates into the system, thereby reducing the Ca/Si
and Al/Si ratios in the gel and promoting the formation of a high-
level silicon-rich gel phase. As the modulus of the activator
increases, the band expands at approximately 1045-1048 cm™,
and the asymmetric stretching vibration intensity of the bond

!. As for the interaction

increases at approximately 455 cm”
between the Na,O content and activator modulus, a highly
alkaline environment is conducive to the dissolution of the
solid precursors Ca*’, A1’", and Si**. Furthermore, a high

modulus provides large amounts of [SiO,]*", Ca**, A1**, and
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Si** and [SiO,4]*" reaction. Consequently, the system hydration
reaction is accelerated, and the hydration products increase.
Therefore, the activator modulus plays a better role under the
action of high Na,O content, and the Na,O content factor is
promoted under the condition of a high modulus. This is
consistent with Pu’s conclusion. (Pu, 2010).

Specimens 9, 10, and 12 show the effect of the interaction
between the Na,O and metakaolin contents on the phase
transition of the AASM. The main absorption peak emerges
at 1016-1050 cm™" owing to the uneven vibration of the Si-O-T
(where T is Si or Al) bond. When metakaolin content increases
from 0% to 50%, the wave number of this band increases from
1016 to 1050 cm ™. This is because more AI’* in metakaolin is
involved in the reaction, resulting in the formation of C-A-S-H
gel with a high degree of polymerization. Moreover, the higher
the metakaolin content, the weaker the strength of the band. This
suggests that the quantity of the reaction products of the AASM is
reduced, thereby decreasing compressive strength and
autogenous shrinkage. At 455-456 and 870 cm™', owing to the
bending vibration of the Al-O-Si bond, the band intensities of
specimens 10 and 12 are proportional to the metakaolin content,
which may be related to the introduction of additional AI*" and
Si** (Wan et al, 2017). In the interaction of the Na,O and
metakaolin contents, the greater the Na,O content, the more
abundant the OH™ and Na" in the solution; the higher the
metakaolin content, the larger the amount of added A1°* and
Si**, and the vibration of the T-O-Si (where T is Si or Al)
asymmetric functional group moves to a high-wave-number
range. At this time, OH™ and Na* react with AP’* and Si*" in
the solution; this forms a larger quantity of N-A-S-H, thereby
reducing compressive strength and autogenous shrinkage.

As seen from the results of specimens 5, 9, 12, and 17, when
the sodium silicate modulus and metakaolin content interact, the
larger the modulus, the greater the number of active [SiO4]*
groups in the activator solution, and the asymmetric stretching of
the Si-O-T bond shifts to higher wave numbers. More SiO3*
reacts with metakaolin and slag-hydrolyzed Ca®*, Si**, and AI** to
form C-S-H, C-A-S-H, and N-A-S-H gels, which makes the
structure of the AASM denser. Consequently, the number of
pores increases and the capillary stress produced by meniscus
formation is enhanced, resulting in greater autogenous shrinkage
of the composite system. These findings contradict those of
Wang Dongping (Wan et al,, 2017), possibly because of the
use of different raw materials.

3.3.2 SEM analysis

Figures 8A-C show the micromorphologies under the
interactions of Na,O content and water glass modulus,
Na,O content and metakaolin, and water glass modulus
and metakaolin, respectively. As depicted in Figure 8A, the
microstructure of the AASM is relatively dense, but there are
also large microcracks. Therefore, when Na,O is combined
with the modulus of the activator, the two properties can
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complement each other. The reason is that a high Na,O
content is beneficial to the dissolution of solid precursors.
the
microcracks of the AASM cementitious composite material

However, in a high-Na,O environment, internal
system increase and shrink. The high modulus provides a large
number of silicates for the system, which accelerates its
hydration reaction. However, the higher the modulus, the
weaker the basicity of the solution and the alkali solution
cannot effectively stimulate the solid precursor. Thus, the
hydration products and compressive strength decrease.
Therefore, under the interaction between Na,O content and
activator modulus, the modulus effect is better under the
action of high Na,O content, whereas the Na,O content
factor is promoted under a high modulus. The interaction
between Na,O content and activator modulus is highly
conducive to the development of the mechanical properties
of the AASM and increases their volume stability.

Response surface analysis shows that the interaction between
Na,O and metakaolin contents exerts the most significant effect
on the autogenous shrinkage of the AASM. According to
Figure 8B, under the interaction of Na,O and metakaolin
contents, unreacted slag and many microcracks are seen in
the micromorphology. This is because, in the presence of both
Na,O and metakaolin, metakaolin consumes more OH", thereby
reducing the pH of the system. In this case, the alkaline
environment cannot stimulate the solid precursor, resulting in
the presence of some unreacted slag. With an increase in
the (N-A-S-H)
increase, but the hydration products in the system are mainly
C-A-S-H. The greater the amount of C-A-S-H gel, the more
abundant the cracks in the system and the larger the shrinkage of

metakaolin  content, hydration products

the system. Such an increase in metakaolin content can reduce
the formation of cracks and alleviate autogenous shrinkage.
Therefore, under the interaction of Na,O and metakaolin
contents, the structural density of the composite system
increases, and the microcrack width decreases.

Moreover, the response surface analysis results indicate that
the interaction between the activator modulus and metakaolin
content has the most significant effect on the compressive
strength of the AASM. As seen in Figure 8C, the cementitious
composite materials have a dense microstructure, a relatively
smooth surface structure, and some fine cracks. This is because in
the presence of both the modulus of the activator and metakaolin
content, the high modulus provides a large amount of SiO5*" for
the system. SiO3>" reacts with metakaolin and the Ca**, Si**, and
AP* hydrolyzed by slag to form C-S-H, C-A-S-H, and N-A-S-H
gels. With an increase in metakaolin content, the N-A-S-H
generated by the system increases. The N-A-S-H and C-A-S-
H gels are filled with each other, so the system structure becomes
more compact, and the microcracks are reduced. Similarly, the
incorporation of metakaolin exerts a certain filling effect;
metakaolin is incorporated, and metakaolin and slag are
doped with each other. The close accumulation of large and
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small particles reduces the size and number of macropores, which
refines and scales down the pores of the AASM, increases the
density of the hardened body structure, reduces crack generation,
and improves the volume stability of the cementitious composite
materials. This is consistent with Cui et al. (2017).

3.3.3 MIP analysis

MIP was conducted to further explain the influence of the
interactions of Na,O content, activator modulus, and metakaolin
content on the pore structure of the AASM. The pore volume
distribution and pore size distribution are shown in Figure 9.
Pores are divided into the following categories: gel pores
(<10 nm), transition pores (10-100 nm), pores
(100-1000 nm), and macropores (>1000 nm) (Guo, 2004).
According to the findings from test pieces 5, 9, 10, and 17 in
Figure 9A, under the interaction of Na,O content and activator
modulus, the larger the Na,O content, the smaller the cumulative
pore volume and porosity of the AASM. When the modulus is
1.5 and the Na,O content increases from 4% to 8%, porosity
decreases from 11.01% to 10.02% (reduced by 9%). Such an
increase in Na,O content reduces the total pore volume because
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highly alkaline solutions can promote the dissolution and
decomposition of metakaolin and slag particles; the reaction
degree of cementitious materials also improves, resulting in
the coarsening and reduction of gel pores, increase in
capillaries, rise in capillary tension, and shrinkage of AASM.
When the Na,O content is 8% and the activator modulus
increases from 1.0 to 2.0, porosity increases from 26.20% to
30.13% (increased by 15%). That is, the total pore volume of the
AASM increases with the activator modulus. The reason is that
an increase in the activator modulus introduces more soluble
silica into the system, which increases mixture viscosity and
porosity (Nedeljkovi, 2019). The curves of specimens 5 and
17 have a consistent trend, indicating that the modulus of
sodium silicate does not affect pore uniformity and has little
effect on the change in pore size distribution. The above analysis
suggests that under the interaction of Na,O content and water
glass modulus, their properties can complement each other, as
both are activators. Therefore, this interaction has little effect on
the AASM.

According to the results of specimens 9, 10, and 12 in
Figures 9A,B, under the interaction between Na,O and
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metakaolin contents, porosity increases with metakaolin
content. With 8% Na,O content and an increase in
metakaolin content from 0% to 50%, porosity increases by
141.98%. Such an increase in metakaolin content leads to an
increase in the porosity of the cementitious materials. This
result is consistent with those of Nedeljkovi (2019) and Zhang
et al. (2016). With increasing metakaolin content, the gel
pores (<10nm) and transition pores (10-100 nm) of the
AASM the (>1000 nm)
decrease. As stated by Hansen (1987), the more numerous

increase during macropores
the capillary pores, the greater the paste shrinkage. However,
according to a previous report (Paulo et al, 2016), the
increased metakaolin content helps improve the pore size
distribution and reduce the autogenous shrinkage of the
specimens. Combined with the FTIR analysis results, this
discussion that when Na,O with

metakaolin, Na,O promotes the dissolution of metakaolin,

implies interacts
and metakaolin provides large amounts of A1** and Si**. OH~
and Na' react with A1°" and Si** in the solution, and the
proportion of the formed hydration product (N-A-S-H)
thus the
compactness of the AASM; this decreases the compressive

increases, significantly reducing structural
strength but coarsens the pore structure and increases volume
stability (Li et al., 2017b; Ren et al., 2022b).

From specimens 5, 9, 12, and 17 in Figures 9A,B, under
the interaction of the activator modulus and metakaolin
content, they reduce the size and number of macropores in
the AASM and increase the porosity, gel pores, and
transition pores. However, as the numbers of gel and
transition pores increase, the capillary stress generated
by the formation of the bending surface is enhanced,
resulting in greater of the

autogenous shrinkage

composite system.
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3.4 Test optimization and validation

Numerical RSM was used to determine the optimal mix
proportion of AASM. Na,O content, activator modulus, and
metakaolin content were selected as independent factors, and
compressive strength (28 days) and autogenous shrinkage
(14 days) were selected as dependent variables. After ANOVA,
set factors, and reaction criteria, see Table 5. According to the
predetermined optimization criteria (Table 5), optimization
RSM, the
combinations of target responses are shown in Table 6.

analysis was conducted via and optimal
Considering the experimental values of compressive strength
and autogenous shrinkage, the optimum mix ratios determined
from the 17 groups of experiments designed by RSM is as follows:
6% Na,O content, 1.5 activator modulus, and 25% metakaolin
content.

Five parallel tests were performed under optimal conditions
to verify the accuracy of the prediction model, and the findings
are shown in Table 7. The relative errors between the
experimental and predicted values of compressive strength (at
28 days) and autogenous shrinkage (at 14 days) are 0% and
0.18%, respectively; both errors are less than 5%, indicating
that the model has high accuracy. The applicability of the
model to the prediction of the compressive strength and
shrinkage of AASM was

mathematical point of view, which offers a certain reference

autogenous verified from a

value for the optimization of the ratios of AASM.

5 Conclusion

The effects of interactions among Na,O content, activator
modulus, and metakaolin content on the compressive strength
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TABLE 5 Criteria for optimization.

Factor/Response Lower and upper
limits of factors

10.3389/fbuil.2022.1020217

Criteria for optimization

Na,O content (%) 4-8 In range
Activator modulus 1.0-2.0 In range
Metakaolin content (%) 0-50 In range
Compressive strength (MPa) 3.26-98.5 Maximize
Autogenous shrinkage (um-m™) 18.17-2316.34 (absolute value) Minimize

TABLE 6 Optimal combinations of target responses.

Na,O content  Activator modulus = Metakaolin content =~ Compressive strength ~ Autogenous shrinkage  Desirability

(%) (%) (MPa) (um'm™)
6 1.5 25 81.84 — 0.953
4 1.5 25 — —40.794 0.998
TABLE 7 Verification test results of response surface prediction model.
Dependent variable Compressive strength (MPa) Autogenous shrinkage (um-m™)
Predicted value 81.84 -186.27
Actual value 82 -185.5
83.4 -192.5
82.4 -189.5
81.4 -183.5
80 -180.5
Average value 81.84 -186.3
Error (%) 0 0.18
and autogenous shrinkage of AASM were studied by three-factor, 2) ANOVA and response surface analysis findings reveal that

three-level RSM. The phase compositions, microstructures, and
pore structures of the cementitious composite materials were
analyzed by FTIR, SEM, and MIP. The main conclusions are as
follows:
3)

1) Based on the Box-Behnken experimental design, a

mathematical model of the effects of the interactions of

Na,O content, activator modulus, and metakaolin content

on the compressive strength (at 28 days) and autogenous

shrinkage (at 14 days) of AASM was established; the

multiple correlation coefficients of the model are

0.9961 and 0.9965, respectively. A comparative analysis

of the experimental and predicted values of the AASM

shows that the values predicted by the model agree well

with the measured values, which proves that the 4)

prediction model has high prediction accuracy and

good validity.

Frontiers in Built Environment 17

the interactions between Na20 and metakaolin contents and
between activator modulus and metakaolin content are the
dominant factors affecting the compressive strength and
autogenous shrinkage, respectively, of the AASM.

Under the interaction of the activator modulus and
metakaolin content, the Ca®*', A1°', and Si*' ions in the
system react with a large number of [SiO,]*" groups to
generate more C-A-S-H and N-A-S-H gels, which fill each
other, thereby making the composite structure more compact.
Under the interaction of Na,O and metakaolin contents, the
OH™ and Na' in the solution react with A1’" and Si*' to
generate more N-A-S-H, which reduces the compressive
strength of the composite system but decreases autogenous
shrinkage and increases volume stability.

With the compressive strength and autogenous shrinkage of
AASM as the optimization goals, the optimal ratios of such
materials are as follows: Na,O content of 6%, activator
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modulus of 1.5, and metakaolin content of 25%. Under these
optimal conditions, the relative errors between the measured
compressive strength and autogenous shrinkage and the
values predicted by the model are 0% and 0.18%,
respectively. Both errors are less than 5%, indicating that
the prediction model has high accuracy and reliability.
Moreover, the research of this work provides a theoretical
basis for the composition design of AASM composite
cementitious materials.
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