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Table 1 Chemical composition of raw materials w/%
Materials SiO, Al,O3 Fe,O3 Ca0O MgO SO3 Loss
Fly ash 49.86 34.83 5.68 5.45 0.52 0.52 2.08
Limestone 7.68 2.28 0.82 47.76 1.91 0 39.55
Tuff 68.47 135 5.59 1.88 2.22 0 3.78
Slag 34.17 16.28 0.97 39.05 9.23 0 -1.36
Cement 21.74 5.63 3.32 65.33 1.86 0 0.40
Gesso 5.62 1.84 0.98 33.01 0.87 40.48 16.18

w is mass fraction; Loss is burnt mass.
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Table 2 Chemical composition of raw materials w/%
CsS CoS CsA C4AF f-CaO

52.51 22.74 9.29 10.09 1.40
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6 ——Cement 4 NORESKIFEME R LI LE R
i ——Fly ash . .
—+ Limestone Table 4  Response surface experiment matrix and
| —— Tuff experimental results
5 ——Slag
Experiment Factor Response quantity
4r No. A B C D YyJMPa VYJMPa Yi(J-gh
2 2 1 0 -1 0o 1 2223 49.53 228.33
= 3t
2 0 -1 1 0 2370 44,53 223.59
2t 3 0 1 0 1 2130 46.27 220.52
4 -1 -1 0 0 2560 52.20 226.34
ol 5 0 0 0 0 2597 50.23 224,58
ol BN N 6 0 0 0 0 2610 50.60 225.45
0.1 1 10 100 1000 7 0 0 1 -1 2443 46.60 204.35
Particle size/um 8 1 0 -1 2460 4840  206.5
(a) Particle size distribution of raw materials 9 1 -1 0 0 22.50 49.13 227.20
100 10 0 1 0 -1 2470 45.50 220.76
'——Cement
|+ Fly ash : 1 0 0 0 0 2363 49.10 223.95
|—— Limestone !
sl I : 12 -1 0 1 0 2610 48.60 213.81
. [Fineparicle 1 ——Slag \ 13 0 1 1 0 2160 4293 213.75
= fraction(<1 p_m): ICoarse particle
g 60 | ! fraction(>80 pm) 14 1 0 -1 0 2600 49.23 230.22
= | |
8 ! ! 15 0 0 1 1 2080 46.10 225.20
= I
2 40 ! i 16 -1 0 -1 0 2930 52.97 237.64
= |
§ ! i 17 1 0 0 1 2147 4750 217.31
2 i i 18 -1 0 0 -1 2483 51.40 245.37
|
i ) | 19 0 0 -1 1 2320 52.70 224,51
1 Norm particle |
| fraction(1-80 pm) ! 20 0 0 0 0 259 50.70 227.76
0 1 1l L 1wl L
0.1 1 10 100 1000 21 1 0 1 0 2283 4753 222.87
Particle size/pm 22 0 0 -1 -1 2760 49.40 249.14
(b) Cumulative particle size distribution of raw materials 23 0 0 0 0 25.97 49.67 23035
. A S A 24 -1 1 0 0 2637 47.80 227.91
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Fig. 1 Laser particle size analysis of raw materials 25 11 0 0 2260 4457 21646
26 -1 0 0 1 2580 52.90 217.36
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Table 3 Experimental factors and factor level coding w/%

Factor level
Factors
-1 0 1
Fly ash content (A) 2 6 10
Limestone content (B) 2 6 10
Tuff content (C) 2 6 10
Slag content (D) 10 15 20

Y, is 3 day compressive strength; Y, is 28 day compressive strength; Y3 is net
slurry fluidity.
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Y;=12.148+0.748A+0.690B—0.392C+2.089D-0.078Ax
D-0.066B?-0.065D? (1)
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Table 5 Accuracy verification of the approximate model

Evaluation index Y,/MPa Y,/MPa Yo/(3-g7Y)
R? 0.966 0 0.9690 0.9463
Adjusted R? 0.9541 0.9477 0.9195
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Table 6 Experimental results of Y; variance

Sum of Mean

Source df F p
squares square
Model 100.26 7 14.32 81.21 <0.000 1
A 29.43 1 29.43 166.89 <0.000 1
B 1.92 1 1.92 10.89 0.003 6
C 29.45 1 29.45 167.00 <0.000 1
D 27.17 1 27.17 154.03 <0.000 1
AxD 6.43 1 6.43 36.48 <0.000 1
B’ 7.41 1 7.41 42.00 <0.000 1
D? 16.74 1 16.74 94.94 <0.000 1
Residual 3.53 20 0.18
Lack of Fit 2.78 16 0.17 0.92 0.602 6
Pure Error 0.75 4 0.19
Cor Total 103.79 27

df is number of degrees of freedom; F is ratio of between-group mean square
to within-group mean square; p is probability of no significant effect.
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Fig. 2 Influence of different components on Y,
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Table 7 Experimental results of Y, variance

Source Sum of df Mean F p
squares square
Model 198.17 10 19.82 47.93 <0.000 1
A 21.71 1 21.71 52.52 <0.000 1
B 52.22 1 52.22 126.32 <0.000 1
C 47.6 1 47.6 115.14 <0.000 1
D 2.46 1 2.46 5.94 0.026 0
AxC 1.78 1 1.78 4.30 0.053 6
BxC 5.52 1 5.52 13.36 0.002
CxD 3.61 1 3.61 8.73 0.008 9
A 3.77 1 3.77 9.12 0.007 7
B? 39.92 1 3992 96.56 <0.000 1
c? 14.82 1 14.82 35.84 <0.000 1
Residual 7.03 17 0.41
Lack of fit 5.22 13 0.40 0.89 0.6132
Pure error 1.81 4 0.45
Cor total 205.2 27
53
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Fig. 3 Influence of different components on Y,
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Table 8 Experimental results of Y3 variance

Sum of ¢ Mean

Source squares ¢ square F P
Model 24756600 8 309.4600 38.0600 <0.0001
A 51.9800 1 51.9800 6.3900 0.020 5
B 118.2500 1 1182500 14.5400 0.0012
C 929.2800 1 9292800 1143000 <0.0001
D 0.002 2 1 0.002 2 0.0003  0.9871
AxB 37.8800 1 37.8800 46600  0.0439
AxC 67.9000 1 67.9000 8.3500  0.009 4
AxD 630.4900 1 630.4900 775500 <0.000 1
CxD 517.1100 1 517.1100 63.600  <0.0001
Residual 154.4700 19 8.1300
Lack of Fit  126.8100 15 8.4500 1.2200 0.466 7
Pure Error 27.6700 4 6.9200
Cor Total 2630.1300 27
236
234 - C
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230 - B
:;J 228 F ~ — 5
=~ 224t —
222 -
220
218 -
216 —llAO —(;AS OTO 015 lfO

Factor level

4 A[REGTRT Y4 BRI
Fig. 4 Influence of different components on Y;
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10 —4.816sigma |« Std.Dev: 1.868
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N
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(a) Reliability analysis of Yy

| Quality: 1.497 sigma
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" —3.508 sigma & Std.Dev: 2.167
J 8 -
3
= \ U.Bound: 52.5
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£ 41
2L
0 . f . . .
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Y,/MPa
(b) Reliability analysis of Y,
2L Quality: 3.953 sigma
L.Bound: 200 Mean: 225.869
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2 3.851 sigma
o
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& 41
2L
0 M AN BT P
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Yy/(J-g™)
(c) Reliability analysis of Y3
L.Bound is lower limit of the interval; U.Bound is upper limit of the interval;

Quality is interval reliability; Mean is average value; Std.Dev is standard
deviation

F5 BTtk LR
Fig. 5 Reliability analysis results
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3) Akt Y. MBI RTE RN 17.0~
27.0MPa, Y, [ e P2 HE v 42.5~52.5 MPa;
Ys W AT A EEE AT E B AMK T 170.0
Igs Yo W AMET IR R 30%. H & PEREN
LRI TR B (A S AMIE T 6Sigma. 25 b, T
IR R B RS RZ R A S T 2 ool
YA R 2 B AR BB, s (6)~ 0

(22) 7
Max{Y1(Ai, Bi, Ci, Di), Y2(Ai, B;, Ci, Di), =Y3(A;, Bi, C;,
Di), Ya(Ai, Bi, Ci, Di)} (6)

ulY1(A;, Bi, Ci, Di)J+60[Y1(Ai, B, Ci, D))]<27.0 @)
ulY1(A;, Bi, Ci, Di)]-60[Y1(Ai, Bi, Ci, Di)]=17.0 (8)
ulY2(Ai, Bi, Ci, Di)J+60[Y2(Ai, Bj, Ci, Di)]<52.5 (9)
ulY2(A, Bi, Ci, Di)]-60[Y2(Ai, Bi, Ci, Di)=42.5  (10)
ulYs(Ai, Bi, Ci, Di)]+60[Y3(A;, Bi, Ci, D))]<225.9  (11)
ulYs(A;, Bi, Ci, Di)]-60[Y3(A;, Bi, Ci, D)]=170.0  (12)
ulYa(Ai, Bi, Ci, Di)+60[Y4(A;, Bi, Ci, D;)]<50.0 (13)
ulYa(A, Bi, Ci, Di)-6a[Y4(Ai, Bj, Ci, Di)]>30.0 (14)

2.0<u(A)+60(A)<10.0 (15)
2.0<u(B;)+60(B;)<10.0 (16)
2.0<u(C)+65(Ci)<10.0 (17)
10.0<4(D;)+65(D;)<20.0 (18)
A=[AL A, As, ... ..., Al (19)
Bi=[B1, B2, Bs,......, Ba]" (20)
Ci=[C1, Ca, Cs......., C.I’ (21)
Di=[Dy, Dy, D, ......, D" (22)

A A Biv Ci Dy bR FRTA2 Wi B T 241 AL B
C Ml D; Y4 NZTTH VMBS E (R ESH) M,

Bl Y,=A+B+C+D; pu(A)~ p(Bi)~ p(Ci)FT p(Di) 2 Wil
RS 4 AL By C Al D XN s o(A)~ o(Bi)~
a(Ci)Fl o(Di) M N A8 240 AL By C. D XFREfH
2.3.3 B & i B AT (pareto) BT W AT AT EE P 4 B
AT AR 20(6)~ 3K (22) BTk B a3 LA Je =R (1)~
RE)FTREF 5L, KA NSGA-IIHET £ H s Ak o
AT K NSGA-LI W Ia M £ i By 200, 4L
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Extended Abstract

Introduction  With the continuous promotion of the “carbon neutrality” and "carbon peak™ strategies, reducing carbon emissions
from cement production is urgent. Replacing cement with a combination of one or multiple mineral materials can not only improve
the physical properties of cement products, but also reduce the use of cement clinker, thereby reducing carbon emissions in cement
production and saving resources. However, due to the complex properties and multiple interrelated properties of cement matrix
composites, the optimization design of these materials in cement matrix composites faces challenges. Therefore, it is necessary to find
more efficient and accurate methods for optimizing the design of cement matrix composites.

Methods Response surface experiments were conducted by using Shangfeng cement clinker that meets the Chinese national
standard GB 21372-2008, standard sand that meets the European standard EN 196-1:2005, multiple mineral materials (grade I1 fly ash,
S95 mineral powder, limestone powder, and tuff powder), and external gypsum (natural gypsum, desulfurization gypsum). The
response surface experiment was conducted using Design Expert 13.0 software for Box Behnken response surface design. The
response surface design consists of four factors and three levels. Four factors were selected: fly ash content (A), limestone powder
content(B), tuff powder content(C), and slag content(D). The response values were cement 3 d compressive strength, 28 d
compressive strength, and the cumulative hydration heat release of cement within 3 d, and 29 experimental points were designed.

Firstly, use Monte Carlo sampling method to analyze the reliability of each response quantity. Select process factors as noise,
randomly select 8 000 samples points to analyze the contribution of each random input variable to the response, and confirm its
distribution characteristics including mean value, standard deviation, and Sigma level. Next, Further construct optimization objectives
that meet the minimum 3 d compressive strength value (Y;), maximum 28 d compressive strength value (Y,), and minimum the
cumulative hydration heat release value of cement within 3 d (Y3), as well as the maximum content of multiple mineral materials (Y).
The deterministic constraint range for Y; is 17.0-27.0 MPa, and the deterministic constraint range for Y, is 42.5-52.5 MPa. Y3 is set to
be no higher than the mean value of reliability analysis and not lower than 170.0 J/g; Y, is set to not less than 30% of the total material
quantity. And the reliability of each performance response and design variable should be not less than 6-Sigma. A multi-objective
optimization design for multi mineral materials, based on the mathematical model obtained from response surface experiments and
the multi-objective optimization design of multivariate mineral materials, the non-dominated sorting genetic algorithm (NSGA-II) is
used for multi-objective optimization. When optimizing, set the initial population size of NSGA-II to 200, genetic algebra to 20, cross
distribution index to 10, and mutation operator to 20.

Results and discussion Based on the response surface experimental matrix, the experimental results were obtained. After removing
the insignificant items (p-value>0.05) from the response surface experimental results, the mathematical model was obtained as
follows:

Y,=12.148+0.748A+0.690B-0.392C+2.089D-0.078AxD-0.066B2-0.065D?

Y,=49.595-1.179A+0.893B+0.654C+0.381D+0.042AxC+0.073BxC~0.048CxD+0.048A%-0.155B°-0.094C?

Y5=368.801-12.309A+0.369B-12.273C-7.958D-0.192A%B+0.258A%C+0.757AxD+0.569CxD

A 6-Sigma reliability analysis was conducted on the response surface mathematical model, and the sigma level values for Y; and
Y, were 1.144 and 1.497, respectively, with reliability values of 74.76% and 86.55%, both lower than 90%. However, the sigma level
value for Y3 was 3.953, with reliability values of 93.83%. After multi-objective optimization of the mathematical model, the obtained
Pareto solutions were sorted to get the optimal process parameters: A of 2.72%, B of 7.14%, C of 9.95%, and D of 19.93%. The
optimized Y, of cement is 23.43 MPa, and the Y, is 46.82 MPa, the Y3 is 214.36 J/g, and the total content of cement multi mineral
materials is 39.74%. Five repeated experiments were conducted to verify the optimal process parameters, and the experimental values
were close to the optimized values. The maximum relative error is 3.71%, which is within an acceptable error range (>90%
confidence level).

Conclusions According to the mathematical model obtained from the response surface, it is found that there is a good correlation
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between the multi mineral material system and the mechanical properties of cement. There is an excellent linear correlation between
the multi mineral material system and the hydration heat of cement. Based on mathematical models, a multi-objective optimization
method based on NSGA-II can be used to solve the optimal formula. In addition, by using the 6sigma robust multi-objective
optimization method, the reliable multi-objective optimization results can be obtained. When the content of fly ash is 2.72%, the
content of limestone powder is 7.14%, the content of tuff powder is 9.95%, and the content of slag is 19.93%, the three-dimensional
compressive strength value of cement is 23.43 MPa, the 28 d compressive strength value is 46.82 MPa, and the Y5 is 214.36 J/g. This
study validated the robustness and feasibility of composite design methods (including response surface design and multi-objective
optimization based on NSGA-II) in multi-component mineral systems.

Keywords multi-mineral materials; multi-objective optimization; response surface; non-dominated sorting genetic algorithm



