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Proportion Optimization of Spontaneous Combustion Coal Gangue
Powder-Cement Mortar Based on RSM-CCD
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(1. School of Civil Engineering, Liaoning Technical University, Fuxin 123000, China; 2. Liaoning Provincial Key
Laboratory of Coal Gangue Resource Utilization and Energy-Saving Building Materials, Liaoning Technical
University, Fuxin 123000, China)

Abstract: 13 groups of test were designed based on the central composite design (RSM-CCD) in the response surface
methodology. The fineness and content of spontaneous combustion coal gangue powder were taken as the influencing
factors to study the influence of spontaneous combustion coal gangue powder on the fluidity, compressive strength,
and flexural strength of prepared mixed mortar at different hydration ages as the response values. The results show
that the effects of fineness and content of spontaneous combustion coal gangue powder on mortar fluidity and strength
are significant, the effect of interaction on flexural strength are also significant, and the effects on compressive strength
anhance with the extension of age. The established regression model (R?) is greater than 0.96, indicating that each
model has good rationality and fitting. When the fineness is 8.00 um and the content is 15.49% , the mortar fluidity
is 182 mm, the compressive strength is 43.8, 50.2 MPa, and the flexural strength is 8.4,8.7 MPa at 28, 56 d
respectively. The spontaneous combustion coal gangue powder has the micro-aggregate and active effect, which is

feasible to be used as a concrete admixture.
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Fig.1 Appearance and micro morphology of spontaneous combustion coal gangue

U RLAR (Dy) o8 20 pm, % B2 3.00 g/cm’s B A A
if A1 (SG) B E B3 90 KIS AT 1L 5 40 48 8L 1SO A
HERD s PRI K S 38758 KK . A BEBERT A7 0 S0 A g
N IE 550 UL 1, 0 3 2 B L B oy A DL IR 2. K i Fn A
PRI A7 Bk 2 4R AN 26 1 BT AR IR I 1 45 7 5 b
0 1Y HBRERT A1 83 (SG1~SG5) , HARAE kL A2 FikE
A 2 2 FE 3 i

1.2 Rt

F 58 26 V0 [ R IEERT A R (0 AR () B =
G, ) Xof LT P 52 10 58 K, EOKE R IRERT A0 83 1) £ o,
A Sy e 1oz ity i AR R GEm R L 4 S A
BN . A RERT A0k 40 5 i b FR A AR FRAK 2>
SR 28,8 pm, B i1 1 BRAE AT BRAE 43 501 1%
25%.15%. i F RSM ' 5 CCD ik % & BBD
(box-Behnken design) i % 8 % 55 47 Hh #0455 1 iz i
i, H CCD i@ M T 2 W &R Z Kl 5, 8RS T
CCD #4172 R 5 KB A b it (3 13 411k
5 ), AP I 8l B B K AR 910 3.28.56 d 4T R 3
JEE RN AT 8 B A e 1 AE L >R JH Design-Expert 10 3 {7
HEAT W 7 T3 AT, ARG AS R4 OS]4 1 A
PRI A A X 1 BRI A A 8 — /K U J 3 3 3 R, i
R 52, -3 N7 5 W DKL 3% 5 o) o {2 ) £ o o g T A
R FHR AR H . CCDIRE A R 57K P an# 3R
1.3 RKEHSF5KEH*

G, B I BURE B R R B R AT A R
RN A BT B R KL Bk 5 R, ) P A 0 AL A R 4
LB SR A /N T 5 mm B 4B R s B, A A Ak
A B R LA Ly B AN [v) 400 B ) oy A &5
1.3.1 Wi

PG GB/T 2419—2005¢ 7K Y8 1% 3% 3t 3h & I %2

(b) Micro morphology



55 340 ik B A BT RSM-CCD 1 [ BABERT A8 — 7K Je b e Lo A Ak 301
*  e—Quartz
e—Gismondine
m—Margarite 30
v—Tobermorite s
s—Annite oo 75 | fo
Sp ontane.ous *—Aluminum hydroxide e 2 !
combustion o =
gangue «° H = 20r
" . ) e ]
X 15
° g
Rock ® . Z 10+
. "l 3 * . g
gangue v A, -
5 5F
a
S 0 R S S
0 10 20 30 40 50 60 70 10° 10! 10? 10° 104 10°
26/(°) Pore size/nm
(a) Mineral composition (b) Pore distribution
K2 ERRBERT A 8T P 20 1 S L R o3 A
Fig.2 Mineral composition and pore distribution of spontaneous combustion coal gangue
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Table 1 Chemical compositions of cement and spontaneous combustion coal gangue
w/ %
Material SiO, ALO, Fe,O, MgO CaO K,O Na,0
C 22.72 7.74 4.72 2.71 56. 84 — —
SG 59. 34 25.28 4.66 2.00 0. 20 2.53 1.15
F2 BHRETAMOBENE
Table 2 Characteristic particle diameter of spontaneous combustion coal gangue powder
No. D,,/pm D.,/pm Dy,/pm
SG1 3.99 32.14 117. 64
SG2 2.90 28.00 83.52
SG3 1.87 18.00 54.67
SG4 1.15 8.00 31.24
SG5 0. 80 3.86 19.19

Note: Dy, D5, , Dy, stands for the corresponding particle size when the cumulative particle size distribution percentage of the sample reaches

10%,50% ,90% respectively.
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Fig.3 Particle size distribution of spontaneous combustion coal gangue powder
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Table 3 Factor and level in CCD experiment

Level
Code Factor
—1.414 0 1 1.414
A /f/pm 3.85 8.00 18. 00 28.00 32.14
B w,/ % 12.93 15. 00 20. 00 25.00 27.07
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Table 4 Response surface design and test results of spontaneous combustioncoal gangue powder -cement mortar

Compressive strength/MPa

Flexural strength/MPa

Specimen No.  f/um (A)  w/%(B)  Fluidity/mm(Y,)
3d(y,)  28d(Yy)  56d(Y)  3d(Y.)  28d(Y)  56d(Y,)
1 8.00 15.00 184 19.3 45.0 51.9 4.1 8.2 8.4
2 3.86 20. 00 183 17.9 45.0 49.9 3.9 8.1 8.7
3 18. 00 20. 00 168 16.5 38.0 47.7 3.6 8.1 8.5
4 18. 00 20. 00 168 16.5 38.6 47.0 3.7 8.2 8.5
5 18. 00 20. 00 168 16.6 36.9 46.9 3.6 8.1 8.5
6 18. 00 20. 00 168 15.8 38.2 47.3 3.6 8.2 8.5
7 28.00 15. 00 169 16.9 43.5 48.7 4.0 7.9 8.8
8 18. 00 12.93 173 19.3 45.7 50.7 4.1 8.2 8.6
9 18. 00 27.07 163 13.3 32.2 44.2 3.0 7.0 8.5
10 28.00 25.00 165 13.6 34.5 47.1 2.9 6.7 8.2
11 32. 14 20. 00 166 13.9 38.0 47.3 3.5 7.1 8.5
12 8.00 25.00 169 16.2 40.1 45.9 3. 7.9 8.8
13 18. 00 20. 00 167 16.5 38.8 46.6 3.7 8.2 8.5
22 REHE DL 2R , 2452 i PR 2R 5 0 A [] K A i 28T 1y
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Table 5 Results of integrated analysis of multiple models of

ISIA
w

mortar fluidity

P-value R’
Model
Sequential Lack of fit Adjusted  Predicted
Linear 0.0009 0.0016 0.706 7 0.516 7
2F1 0.001 2 0.002 0 0.7555 0.564 3
Quadratic <20.000 1 0.104 5 0.9724 0.907 5
Cubic <20.000 1 0.5197 0.989 3 0.962 1
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28 d HLHT 5 JE » 56 d HLHT 5 JE »
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0.270A*—0.2608° (6) 0.033A°+0.005 5B° (7)
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Table 6 Regression model variance analysis for fluidity of mortar

Source Sum of square Mean of square F-value P-value Note
Model 493. 350 70. 480 158. 950 <<0.000 1 Significant
A 146. 210 146. 210 329. 740 <<0.000 1
B 57.250 57.250 129. 100 <<0.000 1
AB 30. 250 30. 250 68.220 0.000 4
A* 82.440 82.440 185. 930 <<0.000 1
B 0.260 0. 260 0.580 0.4802
A’B 1.870 1.870 4.220 0.0952
AB 3.900 3.900 8.790 0.0314
Residual 2.220 0. 440
Lack of fit 0. 240 0. 240 0. 500 0.5197 Not significant
R’ 0.9955

F7 TAEKEWIRRERERFEE S ZE 5

Table 7 Regression model variance analysis for compressive strength of mortar at different hydration ages

Age/d Source Sum of square Mean of square F-value P-value Note
Model 42.040 8.410 41.850 <20.000 1 Significant
A 14. 320 14. 320 71.270 <<0.000 1
B 27.580 27.580 137.290 <<0.000 1
AB 0. 004 0. 004 0.021 0.8888
3 A* 0.110 0.110 0.560 0.477 2
B 0.009 0. 009 0.048 0.8322
Residual 1.410 0.200
Lack of fit 0.970 0. 320 0. 500 0.5197 Not significant
R’ 0.967 6
Model 200. 600 40.120 38.980 <<0.0001 Significant
A 36.170 36.170 35. 140 0.000 6
B 135.730 135.730 131. 850 <<0.0001
AB 4.120 4.120 4.000 0.0855
28 A* 23.910 23.910 23.230 0.0019
B 2.100 2.100 2.040 0.196 6
Residual 7.210 1. 030
Lack of fit 4.940 1. 650 2.900 0.1650 Not significant
R’ 0.965 3
Model 48.910 9.780 43.170 <20.000 1 Significant
A 4. 050 4.050 17.860 0.0039
B 35.060 35.060 154.740 <<0.000 1
AB 4.770 4.770 21.070 0.002 5
56 A* 4.870 4.870 21.500 0.002 4
B 0.470 0.470 2.060 0.194 0
Residual 1.590 0.230
Lack of fit 0.910 0. 300 1.770 0.2914 Not significant

R* 0.968 6
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Table 8 Regression model variance analysis for flexural strength of mortar at different hydration ages
Age/d Source Sum of square Mean of square F-value P-value Note
Model 1. 550 0.310 717. 140 <20.000 1 Significant
A 0.220 0.220 519.910 <£0.000 1
B 1.210 1.210 2 815. 620 <£0.000 1
AB 0.068 0.068 156. 860 <20.000 1
3 A? 0.015 0.015 33.790 0.000 7
B 0.020 0.020 47.510 0.000 2
Residual 0.003 4.310x107
Lack of fit 0.002 8.322x 107 0. 500 0.0524 Not significant
R* 0.998 1
Model 3.420 0.680 280. 770 <<0.000 1 Significant
A 1. 040 1. 040 426. 230 <£0.000 1
B 1.270 1.270 520. 770 <£0.000 1
AB 0. 240 0. 240 96. 420 <£0.000 1
28 A’ 0.510 0.510 209. 420 <<0.000 1
B 0. 480 0.480 197. 990 <<0.000 1
Residual 0.017 2.440%10°°
Lack of fit 0.013 4.399x10* 4. 540 0.089 1 Not significant
R’ 0.995 0
Model 0. 360 0.073 1475. 860 <20.000 1 Significant
A 0.042 0.042 856. 530 <£0.000 1
B 0.028 0.028 561. 260 <£0.000 1
AB 0.290 0.290 5807.610 <£0.000 1
56 A’ 7.576x10°° 7.576x10°° 153.710 <<0.000 1
B 2.104x107" 2.104x10°" 4.270 0.077 6
Residual 3.450x 107" 4.928x107°
Lack of fit 2.250x10°* 7.500%10°° 2. 500 0.1985 Not significant
R* 0.999 1
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Fig.5 Response surface and contour map for effect of two factor interaction on performances of mortar
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Fig. 6 Micro morphology of group 6 specimen at different hydration ages
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Table 9 Predicted and measured values for fluidity and strength of optimized mix proportion

Predicted value

Measured value

Compressive strength/

Compressive strength/

: 0
f/pm  w/% Fluidity/ MPa Flexural strength/MPa Fluidity/ MPa Flexural strength/MPa
mm mm
3d 28d 56 d 3d 28d 56 d 3d 28d 56 d 3d 28d 56 d
8.00 15.49 181 18.2  43.1 49.6 3.9 8.3 8.6 182 18.6 43.8 50.2 3.8 8.4 8.7
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Ve KAL) Ca(OH), WL T 18 Wi 2 57K A6 U0, HiF
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el # Lo
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Fig.7 Micro morphology of spontaneous combustion coal gangue powder-cement mortar with different fineness at different

hydration ages when the content of spontaneous combustion coal gangue powder is 15. 00 %
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