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Optimization of the ratio of phosphogypsum geopolymer grouting

materials based on response surface method
HE Bin,YU Hanxi,HE Yifan
(School of Civil Engineering and Architecture, Wuhan Polytechnic University, Wuhan 430023, China)

Abstract: Phosphogypsum ground polymer grouting material (PGGM) was prepared by using the original
phosphogypsum, fly ash and slag powder after drying ball milling as the main raw materials and quicklime
as the activator. Box-Behnken design in response surface method was used to explore the influences of
phosphogypsum content, quicklime content, liquid-solid ratio on PGGM mobility, setting time and compres-
sive strength,and reveal the formation mechanism of strength. Regression model was built to explore the
influence degree of each factor and their interaction, and obtain the optimal ratio of performance. The re-
sults show that three factors have significant influence on each response value,and some interaction terms
are significant. Each factor and response value are quadratic polynomial models, and the regression coeffi-
cient R? of each model is greater than 0. 99, indicating that the model is reasonable and well fitted. When
the content of phosphogypsum is 56. 08 %, the content of quicklime is 4. 43% and the liquid-solid ratio is
0. 34, the properties of PGGM basically meet the related requirements of solidified soft soil.

Key words: phosphogypsum; geopolymer grouting material; response surface method;ratio;excitant

Wik H . 2023-07-04.
YEZ A Ak (1998-), B, W58 4= , E-mail : 18571476698@139. com.



66 i*®

W BT R % % R

2023 4F

1 5|8

Tl A Y R R O A O T 2 TR TR 14 2 )
s BT 1 BERRAS AR 3. 5~5. 0 t E A . Tk
FE] 4 B HIE A R B AR 1 5 000 JT t, 1 TR AL A
ST HAEANL A BRI 4120, K
1M H RIS B 2R A R 3000 284 . B
OB REHEAFAL AR b, 1 B2t i+
LIS NS S T SN 2 ¥ ek = g (E) 3
BERRL T % 3 AR L B TE AR B A
B SRR L A5 T S BB A B A ORI L SRR
ok Bl T E KA TRE I & R R 22 1) £
FHA il 28 B A A [T AR R i, DA S B DA
RIE” . TR W 7 L 18 Ak T 18 Ak K
T AT AL S R R AR IR A R i A R
FHER R A 455 i A B R X

UL AR » 56 1 Hb R W 1 2 M L B 7K U8 3 1 2
AL R FH A 9 iR i &2, XI5 SR BT i —
IR 52 5 1 DR RS 35 i 1 iR R - ) 7R 2 e
FIREB . BrFese N R 22 00 [ K i 4 1402
ML R K B 15 1 FIASCBON T A R RE 1Y 52
MR, BT A AT el M 1 A ) i R A
WYy AR AT BE LS I (B i Bl B K AR
Kb, BB PR 2 K s 1 B 2 A AR
HEFF ARG A5 BT 1) T 2F e R e Ar . 7 LRl
A5 T T 5 T SR e T A Sy R A R
F14) 61 28R 22 S B I I L v b 3 LA R K BB
S UL X AN K R AR FH IR B 4 A R
PIIERAR D . FEAR SO, JAT S R A B i
TP 5 PRI LA TER S A B SR 5 B Ry K -

RS B JE TR AR A R UK T T 45 b 2R b
B FZEBIMPRA B PR BB 22 HAE T 1952, AT A
JH e 1 TR 6 22 40 43 22 B A 0 A SR T
PEHPGGM) HHATIC e Ak s AHOCEE R W] 2 PGGM
EOPAREE /ot

e 7 i T 12 3 75 12 (Response SurfACe Meth-
odology , RSM) J 3 izt £ B8 A 56 15 T B 43 B
K fi P 22 AR B [ () — PP GE T 5 vk 76 2 4 50+ R
REMERE AL BT O A Tz g Y FEA
o FRATTR b gl R A B A A
WA A E e PGGM. B9t s 058 Fn 2Lt Bsf
)3 d 28 d 470 i J3E o) 1 (L) 522 i, A ] 9 A
Y PRIE 45 R R AR B[] 1 38 AR X PGGM
REAYFZ A o JT 38 2 3 50 A5 0 00 5 45 R 3R 5 ) o 2
[) P9 O 2R o B A 1 B W) 7 e R 2 i R 2% DA
R IR Z RIA B AZ BAR I it 2 H bR A3k
Fa s UIe eI F AT 30T

2 EMHFIKE T E

2.1 FE#t#

JECR 1 7 B WAL TR ) el A 7 348 37 B2 K
AR . B ST T RAT R B B £ 140 “C 4R
BT 4 b FER AT SE AT R BREE LA T4 1
i 200 H 5L 8 o BRI CFAD T 1) i 5 2R
AR A PO — 2 SR G A AR . 73
Ty e T B B N ) SO S95 G K Tk
AR KIAE A 1~60 pm. B A4 K &L CaO
B ECR 71,16 20) 5 D8 F7) < SRR R i K )
BN 1M KA 1200 ~ 25065 ¥4 11 &
B SRR o GERA 2 D I3 1 P,

x1 IMEMBHNEELERS
Table 1 The main chemical composition of several raw materials /%
Ak 2H 1 Si0, Al O, Fe, O CaO MgO K,O P, O F SO,
WaE 8.76 1. 17 0. 58 45. 26 1. 24 0. 27 1.74 1. 68 38.74
A B IR 47. 68 27.15 4.93 4. 62 0. 39 1. 47 — — —
R 29.76 13. 65 1. 38 36. 76 6. 61 0.62 — — —
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Table 2 Design and results of response surface test
BELEIT ] /min YR EE /MPa

H A/% B/% C Y, /mm

Y. /HI5E Y, /A Y./3d Ys/28 d
1 50 3 0. 35 276 95 170 4,275 11. 628
2 60 3 0. 35 260 76 158 6. 385 14.714
3 55 4 0. 35 269 65 135 7.037 17. 039
4 55 4 0. 35 266 65 132 7.21 16. 901
5 55 4 0. 35 269 65 135 7.214 16. 752
6 55 4 0. 35 268 63 134 7.26 17. 041
7 60 ) 0. 35 269 53 124 5.196 14. 115
8 55 3 0.4 281 81 155 4. 647 12. 332
9 60 4 0.4 278 60 135 5. 455 12.524
10 55 4 0. 35 269 62 135 7.021 17. 038
11 50 4 0.4 288 89 152 4. 457 10. 946
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Y45 ] /min R/ MPa
4 A/% B/% C Y7 /mm
Y, /H#E Y /A8t Y,/3d Y;/28 d
12 55 3 0.3 255 96 184 5.103 15. 24
13 50 4 0.3 273 90 165 6. 28 15. 629
14 55 5 0.3 264 62 136 6. 791 17. 622
15 55 5 0.4 285 76 148 3. 088 11. 424
16 50 5 0. 35 284 85 149 5. 262 14. 003
17 60 4 0.3 252 66 151 7.545 16. 502
_ _ _ 2 2
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Table 3 Regression model data statistics of PGGM

Y, =134. 20—8. 50A—13. 75B—5. 75C—3. 25AB

—0. 75AC—10. 25BC+5. 53A%+10. 538 +11. 02C°.
(3)

3 d PRz

Y, = 7. 15 + 0. 5384A — 0. 0091B — 1. 01C
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—0. 7932C. 4)
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Y. = 16. 95 + 0. 7061A + 0. 4063B — 2. 22C
—0. 7435AB+ 0. 1763AC — 0. 8225BC — 1. 80A”
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M S Fe 5 75 A B ¥r F1{a P1{H HUE
i 1655, 64 9 183. 96 96. 82 <20. 000 1 e
3P 13.30 7 1. 90
Y, ERe 6. 50 3 2.17 1.27 0.396 3 I NTES
H KRR 6. 80 4 1.70
Bt 1 668. 94 16
LRy 2 914. 74 9 323. 86 129. 54 <20. 000 1 B
B2 17.50 7 2.50
Y, S 9. 50 3 3.17 1.58 0.325 8 NTES
HRIR 2% 8. 00 4 2. 00
Bt 2 932. 24 16
il 4 043, 64 9 444, 29 107. 34 <<0. 000 1 B
TR 29. 30 7 4.19
Y; ERE 22. 50 3 7. 50 4. 41 0.092 8 NES
BRiRE 6. 80 4 1.70
Bt 4 072. 94 16
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Y; AU 0.105 9 3 0.035 3 2.16 0.235 8 I NTES
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Table 4 Analysis of variance results of regression model
MR B A B C AB AC BC A? B o
v, F{E  252.89 59. 21 509, 47 0.131 6 15. 92 3.29 17. 07 3.60 6.98
P <0.0001 0.0001 <<0.0001 0.7275  0.0053  0.1126  0.0044  0.0995 0.0333
v, F{E  540.80 259. 20 3.20 16. 90 2.50 84.10 48. 66 104. 45 79. 61
Pf§ <{0.0001 <C0.0001 0.1168  0.0045  0.1579 <C0.0001 0.0002  <0.0001 <Z0.000 1
v, F{H  138.09 361. 35 63. 19 10. 09 0.537 5 100. 40 30. 71 111.43  122.27
" P{i <0.0001 <<0.0001 <C0.0001 0.0156 0.4873  <C0.0001 0.0009  <<0.000 1 <<0.000 1
v, F{H  212.32 0. 0610 745. 77 108. 39 1. 63 241. 34 68. 32 808.31  242.57
Pfi <00.0001 0.8120 <<0.0001 <C0.0001 0.2422 <C0.0001 <20.0001 <<0.000 1 <Z0.000 1
v F{H  162.94 53.93 1611. 79 90. 32 5. 08 110. 54 555. 23 409.21  271.85
* Pf§ <0.0001 0.0002 <<0.0001 <<0.0001 0.0589 <C0.0001 <C0.0001 <C0.0001 <<0.000 1
F5 IR HREIIGHIE
Table 5 Model validation for response
M S B HIEE R 8] ZEEERT[A] 3 d PUHSREE 28 d PR
FrifE2 1.38 1.58 2.05 0.104 5 0.156 5
8] 270. 94 73.47 146. 94 5.90 14. 79
R 0.992 0 0. 994 0 0.992 8 0.997 2 0.998 0
P& R 0.981 8 0. 986 4 0.983 6 0.993 7 0.995 3
i R? 0.931 3 0.943 9 0. 909 0 0.9815 0.978 5
fEM 35.471 4 36.283 3 38.715 6 55.782 1 56.724 8
A5 R E 0.508 7 2.15 1. 39 1.77 1. 06
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Table 7 Test results and prediction model

of optimal proportion design

W Yy/mm Y./min Y;/min Y,/MPa Y./MPa
WE 267 58 128 7. 007 17. 010
SEPRY 264 60 130 6.914 16. 565
R2E/%  1.12  3.45  1.56 1.33 2.62
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