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Abstract: In order to optimize the performance of filling materials while reducing filling costs, the research on filling materials
proportion was carried out. Based on the RSM-CCD method, an experiment with 4 factors and 5 levels was designed to
construct a response surface regression model with factors of fly ash mass fraction A, cement mass fraction B, calcium
carbonate mass fraction C, and slurry mass fraction D. The slump of the filling slurry and the uniaxial compressive strength of
the filling body at 7 d and 28 d were the response values, respectively. The influence of single factor and the interaction of
various factors on material properties were analyzed, and the lowest cost filling material proportion scheme was sought on the
basis of meeting performance requirements. The results show that the slump of high-concentration filling slurry is only affected
by a linear single factor, and the interaction has no significant effect on it. The slump increases firstly and then decreases with
the increase of A, B, and C, and decreases with the increase of D. Linear and interactive effects have a significant impact on

the strength of high-concentration filling body at 7 d and 28 d. There is no significant relationship between the interaction effect
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AC and the strength of the filling body. The increase of single factor in AB or CD will promote the strengthening effect of the
other factors on the compressive strength of the filling material at 28 d, while the increase of single factor in AD, BC, and BD
will inhibit the enhancement effect of the other factors on the compressive strength of the filling materials at 28 d. The optimal
proportion of filling materials considering cost-effectiveness is 18.0% of fly ash mass fraction, 10.9% of cement mass fraction,

1.3% of calcium carbonate mass fraction, and 84.0% of slurry mass fraction. This proportion scheme meets the design

standards for paste filling in engineering examples.

Key words: Paste filling, Response surface method, Material proportion optimization, Interaction, High concentration
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0.700BC+0.250BD —0.112CD (D £1 RBREEATFAKESY
P’;=109+0.48A —1.47B —2.61C —2.53D + Table 1 Parameters of various of each factor in the test
2 2 2 2
0.053 5A*+0.139 8B*+0.081C*+0.022 3D*+ KT A% B/ % C/% D/%
0.115AB+0.007 5AC—0.043 8AD — — 13 3 ) 83
0.031 3BC—0.037 5BD +0.027 5CD (2) 1 19 9 2 84
P’ =316+19.27A +16.79B —36.98C—13.2D — 0 20 10 3 85
0.112 6A*—0.261 4B*+0.372 4C*+0.103 6D*+ 1 21 11 4 86
0.129 4AB —0.066 9AC—0.186 9AD — 2 22 12 5 87
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Table 2 Test design and results
ik 7 d PSR 28 d ¥ FE R BE
4 A% B/% C/A D%y Y'/ MNR2%E/ P:/ Pli/ MNR%E/ P/ P/ MRRZ/
cm cm % MPa MPa % MPa MPa %
1 19 9 2 84 24.6 26.2 6.5 1.82 1.77 —2.7 4.94 4.68 —5.3
2 21 9 2 84 22.7 23.0 1.3 1.78 1.74 —2.2 4.83 4.88 1.0
3 19 11 2 84 23.7 25.0 5.5 2.46 2.37 —3.7 6.75 6.77 0.3
4 21 11 2 84 22.0 19.4 —11.8 2.75 2.78 1.1 7.57 7.48 —1.2
5 19 9 4 84 23.8 25.3 6.3 1.81 1.84 1.7 4.69 4.70 0.2
6 21 9 4 84 23.3 23.6 1.3 1.83 1.85 1.1 4.69 4.63 —1.3
7 19 11 4 84 21.6 21.4 —0.9 2.37 2.33 —1.7 6.11 5.93 —2.9
8 21 11 4 84 15.8 17.1 8.2 2.75 2.79 1.5 6.32 6.38 0.9
9 19 9 2 86 12.0 12.7 5.8 2.10 2.06 —1.9 5.50 5.59 1.6
10 21 9 2 86 8.7 10.3 18.4 1.87 1.84 —1.6 4.99 5.04 1.0
11 19 11 2 86 11.5 12.6 9.6 2.59 2.50 —3.5 7.15 7.08 —1.0
12 21 11 2 86 7.1 7.7 8.5 2.81 2.72 —3.2 6.91 7.05 2.0
13 19 9 4 86 7.5 11.4 52.0 2.36 2.26 —4.2 7.46 7.42 —0.5
14 21 9 4 86 9.6 10.3 7.3 1.99 2.08 4.5 6.47 6.60 2.0
15 19 11 4 86 6.7 8.4 25.4 2.54 2.58 1.6 7.95 8.05 1.3
16 21 11 4 86 5.2 4.9 —5.8 2.87 2.85 —0.7 7.62 7.75 1.7
17 18 10 3 85 23.2 19.1 —17.7 1.81 2.14 18.2 5.57 5.75 3.2
18 22 10 3 85 11.7 12.4 6.0 2.45 2.38 —2.9 5.85 5.65 —3.4
19 20 8 3 85 22.5 18.9 —16.0 1.79 1.82 1.7 3.49 3.49 0.0
20 20 12 3 85 12.1 12.3 1.7 3.16 3.20 1.3 6.77 6.72 —0.7
21 20 10 1 85 22.4 21.8 —2.7 2.04 2.18 6.9 7.23 7.28 0.7
22 20 10 5 85 20.9 18.1 —13.4 2.44 2.38 —2.5 8.07 8.00 —0.9
23 20 10 3 83 26.5 26.4 —0.4 1.84 1.86 1.1 5.38 5.42 0.7
24 20 10 3 87 4.0 0.7 —82.5 2.17 2.22 2.3 7.97 7.71 —3.3
25 20 10 3 85 22.1 22.1 0.0 1.97 1.97 0.0 6.15 6.15 0.0
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Table 3 Variance analysis of regression model

o : %b;?ﬁu / / }JZE : : F{/E / / P/{E /
Y P’; P’y Y P’ P’y Y P’ P’y Y P’ P’y
FR 1235.95 3.841  36.945  88.282 0.274 2.639 10.03 15.82 64.43 <C0.000 1 <C0.000 1 <<0.000 1
2 1 141.89 3.238 24.388 285.471 0.809 6.097 32.44 46.62 148.85 <C0.000 1 <C0.000 1 <C0.000 1
A 66.67 0.094 0.015  66.667 0.094 0.015 7.57 8.34 0.35  0.0200 0.016 0 0.5650
B 64.68 2.884  15.730  64.682 2.884  15.730 7.35  163.41  384.03  0.022 0 <C0.000 1 <C0.000 1
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Y P’; P’y Y P’; P’y Y P'; Py Y P’; P’y
C 19.80 0.054 0.788 19.802 0.054 0.788 2.25 3.07 19.25 0.165 0 0.110 0 0.001 0
D 990.74 0.205 7.855  990.735 0.205 7.855  112.57 11.63  191.76 <C0.000 1  0.007 0 <C0.000 1
T 76.57 0.310 7.300  19.142 0.078 1.825 2.17 4.58 44,55  0.1450  0.023 0 <C0.000 1
A? 28.46 0.061 0.143 28.463 0.061 0.143 3.23 1.83 3.50 0.102 0 0.205 0 0.091 0
B? 29.82 0.208 0.772 29.824 0.208 0.772 3.39 12.50 18.83 0.095 0 0.005 0 0.001 0
c? 3.26 0.067 1.566 3.263 0.067 1.566 0.37 4.20 38.24  0.556 0  0.068 0 <C0.000 1
D? 51.60 0.004 0.121 51.602 0.004 0.121 5.86 0.32 2.96 0.036 0 0.585 0 0.116 0
LH 17.50 0.293 5.258 2.916 0.049 0.876 0.33 2.77 21.39  0.9050  0.075 0 <C0.000 1
AB 6.00 0.212 0.268 6.002 0.212 0.268 0.68 11.99 6.54  0.428 0  0.006 0  0.029 0
AC 1.96 0.001 0.072 1.960 0.001 0.072 0.22 0.05 1.75  0.6470 0.826 0  0.216 0
AD 0.49 0.031 0.559 0.490 0.031 0.559 0.06 1.74 13.64 0.818 0 0.217 0 0.004 0
BC 7.84 0.016 0.735 7.840 0.016 0.735 0.89 0.89 17.95 0.368 0 0.369 0 0.002 0
BD 1.00 0.023 0.357 1.000 0.023 0.357 0.11 1.27 8.72 0.743 0 0.285 0 0.014 0
CD 0.20 0.012 3.267 0.203 0.012 3.267 0.02 0.69 79.76  0.8820  0.427 0 <C0.000 1
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Comparison between predicted values and measured values of filling material performance
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Fig.2 The influences of single factor on the fluidity of filling body
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Fig.3 The influences of linear factors on the

strength of filling body
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Fig.4 The influence of different interactions on 28 d compressive strength of filling body
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Table 4 Performance indexes of the filling material

PERE =L 7N
Yk 22 cm
7 d BRI 2.1 MPa
28 d YL R IR 4.2 MPa

FIH] Minitab 844 e iz iy e b @ o 132 00 46 2%
T, B FEIE A R TR B L7 .28 d R b H bR
IEH BUA B8 S /M B AR . R IR LK L Bk IR
B5 Tl K M 4% 43 511 4 100, 310, 420, 3.2 JG/t,
D0 g T 5 SERA R A 1A Ry

Fom=3.2+FA+3.1B+4.2C—0.032D  (4)
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