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Abstract: In response to the challenge posed by the lack of coordinated linkage between the drying and solidification
stages in the treatment process of existing flowable sludge, which results in excessively high costs, this study
proposes a collaborative implementation method utilizing phosphogypsum-based cementitious materials. This

approach seamlessly integrates drying and solidification through the development of phosphogypsum-based
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powders and aggregates characterized by rapid water absorption and slow-setting hydration. Consequently, a
“drying-first, solidification-later” mechanism is achieved, supported by systematic evaluations of mechanical
properties, durability, environmental impacts, and both economic and ecological benefits. The results indicate that
when 15% phosphogypsum-based powder and 20% phosphogypsum-based aggregates are incorporated into
flowable sludge (with a water content of 110%) and cured for 28 days, the unconfined compressive strength (UCS)
reaches 4.84 MPa, the cohesion is 355.7 kPa, and the internal friction angle is 30.8°. After undergoing 10 cycles of
wetting-drying or freezing-thawing, the UCS remains at 3.6 MPa and 3.3 MPa, with loss rates of 26.3% and 32.5%,
respectively, thereby meeting the bearing capacity requirements for solidified soil foundations (= 1.0 MPa).
Additionally, the concentrations of soluble phosphorus and soluble fluorine comply with Class Il surface water
standards, ensuring environmental safety. Mechanistic analysis reveals that phosphogypsum-based aggregates,
containing 80% phosphogypsum, form an aggregate-like structure through rapid local water absorption and slow
hydration, optimizing particle gradation and facilitating skeleton construction. Meanwhile, the phosphogypsum-
based powder, containing 15% phosphogypsum, generates needle-rod-shaped ettringite (AFt) and network-shaped
calcium silicate hydrate (C-S-H) gel via the same rapid water adsorption and slow hydration mechanism, playing a
crucial role in cementation. The synergy between these two components achieves temporal separation and efficiency
integration in the “drying-solidification” process, ultimately realizing the technical goal of ‘“one-time
implementation, two-stage completion.” Economic and environmental analyses reveal that the unit strength cost of
this method is only 63% of that of traditional cement-based solidification, while carbon emissions are reduced by
94%. This innovative approach demonstrates significant economic and ecological advantages, making it highly
valuable for widespread application.
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Fig.1 Technical basis for the collaborative implementation in

flowable sludge of drying and solidification
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Table 1 Compositions and contents of raw materials
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Fig.2 Particle size distribution of tested materials
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Table 2 Water adsorption rates of phosphogypsum-based powder
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Fig.4 Preparation of phosphogypsum-based aggregates

(2) AR

© WKREST: BRI A BRI 35 g, 3
6 4, HBATELZENRIN, F5E% 24 h FRE—IR, HZ
JREEE, HEKNRES THRRERE S i E
ok #, SERIE 3.

*3 BEAEREERKE
Table3 Water adsorption rates of phosphogypsum-based aggregates
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No.3 265 28.17 29.28 30.66 15.7
14.14
No4 255 26.1 27.93 29.02 13.8

No.5 27 28.64 29.74 30.42 12.67
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Fig.5 Cylinder compressive strengths of phosphogypsum-
based aggregates
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Fig.6 Concentrations of soluble phosphorus and soluble

fluorine in phosphogypsum-based aggregates
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Table 4 Basic physical properties of sludge
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Table 5 Chemical composition of sludge %

SO3 CaO SIOZ KzO F6203 T102 A1203

1.2 0.7 73.2 23 6.1 1.1 14.7
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Fig.7 Particle size distribution curve of sludge

10° 10?

42 HRHEHESREHZE

(1) FeMIBR BT 58 B (UCS) it 5

TRIRYE (R 7K R 110%) 5 14 B F b ki iz 3k 6 B
7N EE I (15%) AT IR G 34 5 mins B JS 5 AN B4R/
T Smm PB4 E SRR, S PE Smin. KHRA
B 3 BN EAE 50 mm. 5 100 mm § [ AE AR



* 1234

A1 TR

2026 4

xo6 WABRHEDKSBIMIES T E
Table 6 Mixing proportion of phosphogypsum-based

materials and sludge

7 BB A BRI REETKE
FiE(dry K(water) BEAEWRL A SRR REEKE

45 ID (PG-based  (PG-based  (moisture
Sludge)/g g
powder)/g aggregates)/g content)/%
No.1 47.6 52.4 15 0 83.7
No.2 47.6 52.4 15 5 77.5
No.3 47.6 52.4 15 10 72.2
No.4 47.6 52.4 15 15 67.5
No.5 47.6 52.4 15 20 63.4
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Fig.8 UCS values of sludge solidified with phosphogypsum-

based materials
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Fig.9 Shear characteristics of sludge solidified with
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Fig.10 UCS evolution law of sludge solidified with

phosphogypsum- based materials under different

drying-wetting and freezing-thawing cycles
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Fig.11 Water adsorption behavior of phosphogypsum-based
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Fig.12 Microscopic characteristics of sludge solidified with

phosphogypsum-based materials
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Fig.13 Pore size distribution characteristics of sludge

solidified by phosphogypsum-based materials
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Fig.14 Synergistic mechanism in flowable sludge of drying

and solidification

1M C-S-H MiE it s e/, s b amoR: a) i %8
PIE AR, SRR E R TE T LI 0 2
A5 [T Ae /IO 14(6)) .
5.2 KFFIMEY S

R NWFI TR LA B IIEERE . EFF A
IREE R o S B R 3 o A SRR AT B A - HTHL
W IR R £R 7K JE(OPC) W Fh [ AV e 77 58, HEAT T
Zpr PR S RRHEOE A . IR T M, R
MBI L 7,

®7T EEFEER

Table 7 Main raw material prices

P IR AR (cost)/ #Miki(subsidy)/
(No.) (material type) G-th ueth

1 K 350 -

2 AR 400 -

3 Rk s 200 -

4 B E - 50

5 A B R 40 -

6 WA B A R 170 -

BT 0B IR - BIRAT OPC &1L Ve (T
A HBEE R AR . R 8 VELINTEL T 2 R &R
LR FE IR (JG/MPa). Horfr, B TESKE 110%
BIRTEHBN 30% I EEER L /KJE(OPC), 4 28 d
FREFY, TFRE 10 IRTIRAEAA 10 ARG 5,
X A B I BR BT R 55 2 7304 0.83 11 0.96 MPa.
GERARW], WA (B RLRE A TT S0 8 R
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Table 8 Unit strength costs of curing agent
LR AR

(unit strength
cost)/

R
SR (total

TR HUE
HEE(UCS)
cost per sample)/Jt MPa

AL T4 PR i A
(name) (test type)

(L * MPa 1)
{7 S = SN
S0 - H TIRAEH 0.0222 3.56 0.006 2
WEE e
o - Bk VR G 0.0222 3.26 0.006 8
OPC TG 0.008 8 0.83 0.010 6
OPC ZRALEH 0.008 8 0.96 0.009 2

2 BEIRSA, FRAr R AR E K T4 4 OPC [
WITR. %25 B AR TBA B %S TRk
A, CARARALED & L SE B IR R R 2R 42 T

WA B F (B R OPC A& 7= Alig fanid FE v e A=
(1R 2 S COL HEBUE FARTE DL A U6 33715

GHG,,, =Y F(1-R)f, 3)
k=1

GHG,, =Y (BR.6,) 4)
k=1

R GHGraw NIEMEHOPC)HIIR E S CO, HEK
(kg « CO/t); GHGeu NAEF B A RE (5 41 B 3
- BIRDFIIR = Sk CO HEE (kg « COt); n N
SRR IR R m B M R Py
NEERIEAMRL S MR R E I Bl (kg/ke), KB
AMPEHEE, ZELEIKdE R aa AR5 RS
KRB ERZE: af REREMER COo, HitE
(kg - COt), BEAEFME CO, WHEKE o Flizki
BB Co, HESE 6, HA, al=dG, dNktklz
iR B (km), G N KIEH 1 MR CO, HE R
(kg * CO(t * km))o AS[E]FEALFIBRAEBERT L ILZE 9.

®9  AFIE AT BB
Table 9 Comparison of carbon emissions from different

curing agents

ﬁbg
KM Plkg e R/ 0"J(kg* Glkg*CO,+ dJ O(kg* e

(energy)/
(type) kg') % COy+t!) t'+km) kmCOy-t!) (I - kg )
OPC 001 0 830 0.142 50 7.1 33
PG 0.01 52 5 0.142 20 2.8 -
GGBS 0.01 43 6 0.142 20 2.8 0.004 5
Lm 0.01 5 1096 0.142 20 2.8 0.003

SUB-RAW(SR) 5 5 T L 5 B £ b ) i J
B AT R0 381, HH A RA
Ig(EE,,) ~1g(EE, ) +1g(GHG,, )~ 1g(GHG,,,)

SR — raw S raw
2

)

K EEn NEMEEEMI/KE), EEw N
BHEREMI/kg). ELXF I, L3R SR #5451
MTCENEIE, 2R, EEERY
B RURECT JE R AT Rt 75 T A T s o
ZIHH, OPC A= 21 COHE R L NwE A
B - BRI 14 5. SEHBEA TN - FIRE
X OPC [ELIAYERS, SR A 0.279, [RIULBEAEILH -
AL ) — S AR HE R T 2 AN T, R B
1y - BIRARE OPC [ LAY 56 4 BTS2 B ek HE

6 & it

g i BREACR A 7 B U B R SEilad iR
HE s S B e /K T il OF fa S, R e /K I e
BEAT VB — A 2 B . T TS
WAL TR B8, B S KR H R E R, o
a0 TR KSR T, KBTS AR
AT TS BRI T4 - WA ME T, dEad
MR G 5IREEE S, WHERIURERAE, il E
H R HIR AR T AT M AR B N R B i

(1) WA B MR DUt [ A6 AE P (2B C-S-H
BRSO SR =) R E, FHUABOK T
A1 B AR D 368 3 v 28R K T A (AT R A
IR, [R5 VR R 0 O A B 2 S8, RIS T N
KEAE. “FIReEA, B PREYE K S
SRR AL, SRR DR VA TR I — AR b s
T A4 - [ A B E RO

(2) TEMAL 15%- HIFL 20%MBE T, it
28 d HUJESRIEIL 4.84 MPa, HAER 15N BEE M &
4 AliE 355.65 kPa Al 30.8°, il /R AK)E & £ E @5
HhFEAL R R B R . A TIRAEIMER G, [kt
ST R SET GRS, HLBEEI A s i
T REER TR IR . R, FLEREE
BZ . RGNS EORE RS HnE S, K
HRURIK R ) 51 KRS 2 5 I e HaRim
FERIUAILERY K, (HEAGE MR R, &
WIS, R TIRE RGP 53 A 55 [ A6 1 it
AN, (B IEEERR ShK Ve E Ak EARAE b, AR
I H ARG AR B i A 14 B o

(3) VR, A E R (R E T R A
BEMZRTARS, H A AR T 1548 OPC
WAk 7 RN, 1207 R M AR RO 3L
i, FIFBEA T ER - FIREA OPC [E4biYe, wT
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