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Performance Analysis of Alkali—sulfate Activated Sludge Fluid Solidified
Soil Based on Response Surface Methodology

ZHANG Ling"*", YE Qianjiang"*,ZHOU Zhiyou'"*
(1. College of Civil Engineering, Hunan University, Changsha 410082, China;
2. Key Laboratory of Building Safety and Energy Efficiency of the Ministry of Education, Hunan University, Changsha 410082, China)

Abstract: Transforming sludge into fluid solidified soil is a novel approach for recycling waste material into
treasure and resource utilization. This study aims to evaluate the application performance of an alkali—sulfate
activated cementitious curing agent in fluid solidified soil. Using the central composite design (CCD) method, the
study elucidates the mechanisms by which water—to—solid ratio and curing agent dosage affect the fluidity,

unconfined compressive strength, and water stability coefficient. It also explores the underlying strengthening
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mechanisms through the evolution of the meso—pore structure. The results indicate that fluidity increases linearly
with higher water—to—solid ratios and curing agent dosages. The water stability coefficient negatively correlates with
the water—to—solid ratio but positively correlates with the curing agent dosage , although the positive effect diminishes
with increasing dosage. In terms of strength development, early—age strength is controlled by the combined effects of
water—to—solid ratio and curing agent dosage, while mid— to long—term strength (=7 d) is primarily dominated by
curing agent dosage alone. Lowering the water—to—solid ratio or increasing the curing agent dosage promotes the
formation of a dense gel network within the solidified soil, significantly enhancing the unconfined compressive
strength. The models established based on CCD show high consistency between predicted and experimental values
(R*>0.94), confirming the reliability of the models. Multi—objective optimization results reveal that when the water—
to—solid ratio is 0.87 and the curing agent dosage is 12.1%, the fluid solidified soil not only meets the basic

requirements for subgrade engineering (fluidity>80 mm, 28 d unconfined compressive strength>1.0 MPa, water

stability coefficient=0.8), but also achieves full development of strength across all ages.

Key words: solidification ; sludge soil ; alkali—sulfate activated ; response surface method ; meso—structural char-

acteristics
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Tab.1 Main physical property indicators of sludge

for testing

KIREGKRI%  WBIRI%  WR/% L% Fkigh/% pHAA

103.5 28.6 65.7 2.68 34.1 6.8
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Tab.2 Main components of the sludge %
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Tab.3 The main chemical components of the alkali—sulfate

curing agent materials %
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Fig.3 Effect of water—to—solid ratio on unconfined compressive
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Tab.4 Mesoscopic parameters of solidified soil with
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Fig.10 The relationship between strength and normalized scale
characteristic parameters of solidified soil with different

water—solid ratios
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Tab.6 Results of CCD

g OKEKX,  BRX%  WHELmm JLMBHLIES P KEARHK
Y, Y, Y3 Y, Y5
1 0.8 10 180 0.20 0.23 0.30 0.35 0.75 0.82
2 0.8 20 250 1.17 2.45 3.65 5.07 10.0 0.98
3 0.85 15 230 0.89 1.40 1.77 2.79 6.54 0.89
4 0.9 10 220 0.14 0.22 0.28 0.32 0.70 0.76
5 0.9 20 275 1.82 3.00 3.70 4.50 9.30 0.93
6 0.85 15 238 0.74 1.49 1.80 2.99 5.76 0.92
7 0.85 7.5 195 0.05 0.08 0.14 0.16 0.31 0.73
8 0.85 22.5 290 1.90 3.30 4.70 5.40 10.6 0.96
9 0.85 15 245 0.95 1.52 2.05 3.02 5.87 0.91
10 0.775 15 200 0.98 1.90 2.80 3.30 6.67 0.93
11 0.925 15 280 0.71 1.31 2.04 2.60 5.98 0.90
12 0.85 15 234 0.92 1.36 2.09 2.70 6.17 0.88
13 0.85 15 244 0.71 1.72 1.79 2.59 6.76 0.89

il 2F Design—Expert 2156 2 6 H (1)1 56 254 1
(T2 A CIVEE VN ioh= e R a1 n) A A C TS
BT | 45 7 TS TR (%) 5 25 43 BT 45 SR 3R 7~3% 9 iy
7N - VPG [T AR AR ) X8 25, BRI AE 2R x
B 0 i B S B . P AE TG SR AR 1 2
K-, 24 PAE<0.05 i, SR PN b FAT 1 ; P <
0.000 1 I = A AT R4 4 25 . AH OC R B R FH T4l B
RUGHLA 0 B, RAEDER 20T 1, 3 WA AN 53 56 504l
(4006 2 B8 . G B A B AR rh O B 3 10T (P>0.05)
J DR BA B 45 T ZR B[R] I 3R 7~ 9. AR 7~ 9 T AT,
2 Wl (B AL A RSB Y PAE /N T 0.000 1, 22 BRI
FA e i 2 M (B R T 0.94, BEHARI R 5 52

PrRAf B0 (4L A TR E RLAE . TR, LA A R A i 5 e
S K [ LS A4 S A A 1 4% 2 W PR e
ZIRIAOC R, AR L E SR L T AT S A 4KHE .

T Bh EEAR R (6 7) n] UL K B E X, S AR B R
X, X 52 A 8 2 TS WU 1 = 30 20 B %) 5 i 41 6
#(P<0.000 1), H =35 R2BONIE XM sl B2 i35 52
PR MEB N G 2, (HK [ L 5 [ AR 7042 2 0 R R ]
TR HAEA.

5 AR (3 8) AT L - K [ b X, 5 [ Ak 5
X % 5 W 1 AP A7 AE By Bt sS HAE . X 3 d 5
22 H.I0 X X, 1Y P AE N 0.043<0.05 , 7 I 9 2% 38 1.
P 2, s K K B LE>0.9) 55 g [EL AR 7 48 i
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Tab.7 Significance of regression model coefficients and

analysis of variance for fluidity

E =3 FAH PlE TR ER IR
it Bl AR 92.99 <0.000 1 237
X, 60.17 <0.000 1 21.76
X, 125.81 <0.000 1 31.47
R*(1)=0.949

(B1>20%) G ] PpRPETHALAS T (P8 17),
FUIGUPR 2 K 18T EE T SRR s PR, i B 2 [ 4k
BRI 51 73 B, S T BOE B ROV R AR T
KA SN BHERE . T4 T 7.28 K 90 d iy S5
JE B AR A EETE i X 5 (P<0.000 1),
FUIS IR O 7K A S 7R A RS2 39, [ AR 7R 48 2
TE T B AR W) B0 e R DR SR O A2 B —
Byl

RS BRHTMNIREEMRARBRYBEERFTESN
Tab.8 Significance of regression model coefficients and
analysis of variance for unconfined compressive

strength at each age

IR ri
Y, Y, Y, Y, Y,
SR AR A 53.01 106.38  113.32 17408  102.58
X, 0.178 0.263 1.500  3.340  0.616
X, 15326 21250  225.13  344.81  204.55
XX, 5.58 — — — —
I o
Y, Y, Y, Y, Y,
SREERIRE <0.000 1 <0.000 1 <0.000 1 <0.000 1 <0.000 1
X, 0.683 0.620 0249 0908 0451
X, <0.0001 <0.0001 <0.0001 <0.0001 <0.000 1
XX, 0.043 — — — —
T IR BRI R AL
Y, Y, Y, Y, Y,
R AR R 0.86 1.54 2.09 2.75 5.80
X, _ _ _ _ _
X, 0.64 1.06 1.60 1.97 3.91
XX, 0.18 — — — —

RA(Y,)=0.946, R*(Y,)=0.955, R*(Y,)=0.958, R*(Y,)=0.972,
R*(Y,)=0.953
T X X, B K I L 2 [ AR R B ) A T

KAE BB (32 9) o - /K [ LE X, 55 [ 4 5142
XA AS KRR AR BT R . [EALSTE X
XiF KA 2R AR B T B IO, K T L X X
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Fig.17 Response surface of 3 d unconfined compressive strength
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Tab.9 Significance of regression model coefficients and

analysis of variance for water stability coefficient

Ty 2ER FH Py PRER TR AL
KA R BT 43.88 <0.001 0.897 5
X, 9.89 0.016 3 -0.018
X, 187.5 <0.001 0.079
XX, 0.087 4 0.779 0 —
X2 0.934 6 0.3659 —
X, 18.74 0.003 4 -0.025
R*(K)=0.969
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Fig.18 Response surface of water stability coefficient
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Fig.19 Multi—objective optimization results A
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Fig.20 Multi—objective optimization results B
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Tab.10 Comparison of the predicted values of the optimized result performance with the actual values from the experiments

Pk as R it B0 fmm 3d#E/MPa 7 dHEE/MPa 14 dHREE/MPa 28 dBRIE/MPa 90 dJE/MPa  KERFREL
AL I A 231 0.44 0.84 1.08 1.50 3.41 0.83
AL B 199 0.43 0.71 1.04 1.50 3.11 0.84
A 5B +16.1% +2.3% +18.3% +3.8% — +9.6% -1.2%
IREGEE R A 225 0.42 0.81 1.04 1.55 3.49 0.85

1 2/% 2.60 4.54 3.75 3.70 3.33 2.35 2.41
A A 8 TC A FR e H 5 32 B 7K T L 34 s e i [
5 &g LRI BB T . 2 L8 BT 10% 1,
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