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Table 1 Output and utilization of phosphogypsum in China
since 2010 to 20167

Output  Utilization Year-on-year Ultilization

Year /Mt amount/Mt  growth/% /%

2010 62 12.6 20.30
2011 68 16.0 26.98 23.50
2012 70 17.0 6.25 24.30
2013 70 19.0 17.76 27.10
2014 76 23.0 21.05 30.30
2015 80 26.5 15.21 33.13
2016 76 27.7 4.5 36.5
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Fig.1 Phosphogypsum stack: (a) Lithuania; (b) Florida, USA; (c) Yunnan, China; (d) Guizhou, China
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Fig.2 Photo of phosphogypsum aggregate



2528 B 9 W

BL L, & ERRES OB 5k 1847

T2 BEAEIEAY R

Table 2 Basic physical properties of phosphogypsum**!

o . Osmotic . Median Effective . .
Unit weight/  Void Density/ Nonuniform Curvature Water repose Submarine
73 . coefficient/ 4 diameter, grain size, . .
(grem ™) ratio O (tm™) coefficient coefficient  angle/(°) rest angle/(°)
(cm's ) dsp/mm djp/mm
0.85 1.064  2.94%X107* 2.87 0.043 0.014 3.71 1.00 47.0 23.5

£33 WAENEELER RS R
Table 3  Main chemical composition and content of

phosphogypsum¥ (mass fraction, %)

SiO, CaO MgO P,05 F

3.52 31.32 0.17 2.43 0.63
Fe,04 SO, Al,O4 Others
0.29 41.3 19.95 0.39

x4 OSBRSS
Table 4  Particle sizes of phosphogypsum and yellow

phosphorus slag?*

Range of Proportion/%

size/mm Phosphogypsum  Yellow phosphorus slag
2.00-0.50 0.5 -
0.50-0.25 0.5 0.2
0.25-0.075 22 6.9
0.075-0.05 32 6.9
0.05-0.005 34.5 84.3

<0.005 10.5 1.7
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RELE 40 72 I 5] [ 45 JF AT — e iR L .
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Table 5 Main chemical composition and content of yellow

phosphorus slag ! (mass fraction, %)

SiO, CaO MgO P,05
39.90 28.42 4.48 2.99
CaF, Fe,0; SO; Al O;
4.61 0.11 1.04 2.99
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Fig. 3 Hydration rate of active mineral in yellow phosphorus

slagl®
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Fig. 4 SEM images of microstructures of phosphogypsum and backfill*": (a) Single crystalline; (b) Backfill sample for 7 days;

(¢), (d) Backfill sample for 120 days
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Fig. 5 Principle of whole phosphorus waste backfill
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Table 6 Compressive strength of backfill sample with mass concentration of 68%*

New cement agent:

Compressive strength/MPa

Note
Phosphogypsum 7d 14d 28d
1:2 0.306 1.619 3.422
Due to the failure of the maintenance
1:4 0.204 0.766 2.354
box, the data are relatively low.
1:6 0.109 0.143 0.211

R URIREE 70% M0 78R P [ R Y

Table 7 Compressive strength of backfill sample with mass

concentration of 70%2*

New cement agent: Compressive strength /MPa

Phosphogypsum 7d 14d 28d
1:2 0.966 2.857 6.817
1:4 0.408 1.388 3.32
1:6 0.157 0.333 0.830

RS TEIKIE 72%0 78 UK P 5 Y

Table 8 Compressive strength of backfill sample with mass

concentration of 72%12%

New cement agent: Compressive strength /MPa

Phosphogypsum 7d 14d 28d
1:2 0.524 2.687 5.959
1:4 0.476 1.435 4.503
1:6 0.136 0.340 0.898
1.6

Stress-strain curve of rock sample under
uniaxial compressive strength
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Fig. 6 Stress—strain curve of rock sample under uniaxial

compressive strength in 28 days curing period¥
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Fig. 8 Tensile strength of backfill sample in 2007—20113"
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Fig. 9 Permeability of backfill sample in 2007-201181
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Fig. 11 Process description of poisonous and harmful gas

during mixed phosphogypsum and agent
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Table 9 Test results of mixed gas produced by phosphogypsum

and new type mortar

Content/(mg-m °)

Test No.  Gas name "
Measured value  Standard value

1 PH; 20 0.3

2 C;Hg 25 50

3 CgHyo 250 100

4 ClL, <3 0.8

5 HCI <3 2

6 CeHg 10 6

7 H,S 25 0.3

8 SO, <30 5

9 HF <3 2
10 CO 10 0

11 CS, <10 —

* GBZ 2.1—2007

AR JZY R, Hhan A . ISR AN A R SRS 55
FEAMAAT I S50 = A TR T &, 2l
NAMFEE . REARH AR AR . B 14, 15
H116 From a3 Al A8 A AU 77 2 Bl A S ISR AN A
RS AN I = (AR A L

FAAVEE NI R B F A A A=
B BOR M IE o SERRAE = Hp S A I n & mT
ST IR 8%~12%, FHARYE HT AL 3 i T
(1) pH (XS SEBRAS I SEREAT R EE, NS 51
pH {HIZF] 10 PA k.

A AN RE R I AR 25 R R N 0.05 mL
REIREN(NaClO)EAL 5 min, ML PCl;. CO.NO. HCN,



1852 hEA O RYR

2018 £ 9 A

800

600 -

400

Total gas production/ug

200

0 4 8 12 16 20

Added CaO/%
B 14 SRR RS AN R AL A
Fig. 14 Gas output changed with CaO amount

0.5

=—PH,
*—H,8
041
an
£
g 03
2
=l
o
a 02f
2
Qo
0.1
0 L 1

0 001 002 003 004 005
Added NaClO/mlL.

B 15 &Rk BB ORI AR IR A2 1L
Fig. 15 Gas output changed with NaClO amount

=—H,S

04r e—HF
g
E 0.3
S
=
B 02t
=
3
O

0.1

O # * e 1 T
0 0.02 0.04 0.06 0.08 0.10
Added Ca(ClO),/g

Bl 16 SR B BRI A2 1k
Fig. 16 Gas output changed with Ca(ClO), amount

NH;. HF AR50, SRBEI ), R UZI5EH
AP A A PR A RCR

SN IR ES I RIR 45 R TR - 3% b
AR AR SR 5 A0t T AR i e o) R BEOIR L
Wk, HARMER HF K& H . WFTai e m], &k
SR ES AR O A A BRI A £ o

2 BAOETERRREMERENR

B0 B RBCR B E AR T RAEX, T
WG B TR I TE A T e, A L BT U TR
BERRIRBIERE, AR, ME, PHERE. Pk
PHUESESH, Hsh IR sk LK 17 Fis.

Shear stress, yield stress Bleedi.ng rate Slﬁmp

Test instrument

Rheometer Measuring cylinder = Slump meter

W b

e
B 17 #EA AR R R s VE BRI 5T s £ 1R
Fig. 17 Fluidity study route of phosphogypsum backfill slurry
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Fig. 18 Slurry shape of phosphogypsum backfill slurry with

different concentrations
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Fig. 19 Relationship curves between shearing rate and
shearing stress of phosphogypsum backfill slurry with different

concentrations
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Fig. 21 Testing method of bleeding rate
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Fig. 22 Relationship curve between bleeding rate and slurry
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T0%H 2% IR TE FE 4> N 24.2.16.5.10.1 A1 5.0 cm,
NP 24 Fis o SHRE R E ISR TE FE AT [V 40 A7 T 45
TAEMIEEC R ML, wE 25 Fos . IRIEE AR EEE
JEJGHITE 18~25 om WISRIFHEAH B A I E Y
N 64.77%~67.29%.

MR B4 B R BRI R ik, WK A5
FERVE AL, M LR 45 7R @ 4 mim B,
WA R ORLR 0 JE RS ARA, JLT 7T LA RS AN T
AT DA AR AR . (B 7R ORI T

FRILITHIL “BESE” BLR . BEi, RERRRE R EE
JEIRRL TP . BERIR LA 64% /2 A1,
25 cm, ARYEEAERVE R E S0, WK R TR |
BHRRENEFRE . LGaENRANERERLE, HvE
FERIG A KRR, W LA A B RO IR TS
M HEFRAREEAT IR, W0k 10 4.

B 23 BRvE RN T V%
Fig. 23 Measuring method of slump
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Fig. 24 Slump tests of phosphogypsum backfill slurry with different concentrations: (a) 65%; (b) 68%; (c) 70%; (d) 72%
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Table 10 Classified fludity indicators of phosphogypsum backfill slurry

Slurry concentration,
Backfill method

Flow pattern

Yield stress/Pa  Bleeding rate/% Slump/cm

C/%
Cemented backfill 40%<C,<51% Pseudoplastic 0<Y<50 - -
High-concentration backfill 52%<C<57% Dilatant 50<Y<<150 10%—20% 27-29
Paste-like backfill 58%<<Cs<64% Bingham 150<Y<<200 5%—10% 25-27
Paste backfill C,>64% Bingham Y=200 1.5%—5% 15-25
10
25k —— Bleeding water rate
—e— Slump rate {g &
L 2
i g 10
£ 15} 16 2
& : o
Fof fo 2 5
2 o
5 12 = 1 12 | 13 TR ey ]
\- = \
0 s i 0 = 18
64 66 68 70 72
Slurry concentration/% 20
B 25 B E SHRERIR R SRS & 2 19

Fig. 25 Relationship curves between slump rate and

concentration of phosphogypsum backfill slurry

R Hh 33t Bl AR ). [RIE, 2002 EFF AT RS
AN R R K22 S A TN R i B R D Fe S LR
TRHELZESHEARTT AT

31 HMABREAREILZ

A RARERHAG LZREWE 26 Fix.
Sk WAL TR — R A B IR R IS R B
(i), NEEERENEHAaERHARE, 2
i 43 TR B J R B e AL R P, N SR P 45 71
IRABEF il B E RS R Ty it T st S
KN T T AER A BRI AT TR, R R 2
PTG, AFER B BREIETT R IE A . R
Rk HE R R — RE N (EIE K 17.5 km),
ORI IR T S A B 1 N R (R K
3.5 km), FEIHFRBEEEE 3 km, FEIERERELIE 27
fic. HEET2H0E1T, B—aEREREL
AR VR EE I3 R HIAS D iml s R A
SEUKER. BTUiE. BEREKS, REEET
MFEHIE R, S3EESE, K 28 .

32 BMABRAREBEIZXNH
JEA B0 B SRR B A MK R TS
AT TR IR A 5 TT RS R A 5 BRI

El26 BAERERHAG L ZHEE

Fig. 26 Technology flowchart of phosphogypsum backfill
system: 1—Phosphorgypsum depot; 2—Fly ash depot; 3—
Loader; 4—Bunker; 5—Broken arch; 6—Vibrating feeder; 7—
Belt conveyor; 8—Belt electronic name; 9—Conveyor head
funnel; 10—Reservoir; 11—Manual valve; 12—Electric valve;
13—Electromagnetic flowmeter; 14—Cement car; 15—Cement
warehouse; 16—Spiral feeding machine; 17—Spirometer; 18—

Double shaft mixer; 19—Agitator; 20—Slurry hopper

A, R OB 2RI KA B 7 AR, (2
TR T FE ORI MR Bl S 1 K Sl s BEL 7
HEHERIEEREINR, NAHERGH IR BEEK
BEXE . AR RS RRE Mz et, FFEE
ANFSEA T IBH I8 R EE, e A1 1B T R Ik
B, NE WA BIRIEEAG B R RGBT RIE S S
HE 5IRI MR,

FURG, [ P A0t T s 35 4 (R T sh M 7 i e
eif R IR R 7%, EAMRA “Loop Test” 4,
R SL6 2 — AN A MR IR I A i,
TP SRR Fe SEORHIE (0 T A% VR R, AN R
WERER TRk . ERIEAE N T4 B
BEREERNIENS TR A F B, AHEAK, &
FA AR /N RS A 1 v S O T 2 S . R
b A ) A RS AV S HH A R AR (Bssen) B LA
" 1985 E4RHDY, REEERIEAEF AL KRG 2
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Pump station ( 1)

27 WA E R E TE R IE R
Fig. 27 Pipeline transportation flowchart of phosphogypsum backfill system

Mixing station

2% 5 3 (B0 T DA A B SR TR BHME 7S
M BB A L, BT RRE AR SR
WPERIN R 2R, RSEF AR, Hit, &%
g we iy sy, B EMAAERR RS

. S8 Al g e
Slurry concentration as Large quantity of Longer
low as 40%-50% water inflow solidification time
& 28 WA E FEIERE B )
Fig. 28 Problems in process of phosphogypsum backfill
£ 11 ERSRERE RGAHCS )
Table 11  Introduction of loop test system over world*® 4]
Design institute Test loop type Loop pipeline Objective Material Built year
Double loop:
Loop test, i
Essen, Germany Double loop test system d25 mm—d40 mm ) ) Tailings, cement 1985
industrial test
d80 mm—d200 mm
Witwaterstand, South Pump circulation Duplex piston pump; Frictional drag ) o
Classified tailings 1993
Africa test system d120 mm loop test
United States Bureau of Full-size pump d114 mm, d127 mm and d152  Frictional drag o
Full tailings 1995
Mines circulation test system  mm loop, total length 149.4 m test
Accurately .
d150 mm, d200 mm and 4250 Full tailings,
Mount Isa, Australia The loop test platform measure 1997
mm loop, total length 180 m ) fly ash, cement
resistance
Jinchuan Group Closed circuit and Closed loop 60 m; Frictional drag .
Tailings, cement 1989
Co.,Ltd. opened loop opened loop 250 m,150 mm test
Chihong Zinc and d178 mm, d150 mm and Frictional drag  Tailings, water
) Closed loop ) 2005
Germanium d125 mm loop test quenching slag
o d125 mm loop, total length i
FENY Group Co., Ltd. Closed circuit 148 Loop test Tailings, cement 1998
m
Mine research institute. d125 mm, d150 mm and 4180 Frictional drag
Closed circuit Tailings, cement 2010

Changsha

mm loop, total length 70 m

test
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5

Mixing tank

Feeding pump

Computer

E 29 JTRHEEN R E R R E
Fig. 29 Sketch map of loop test on Kaiyang Phosphate Mine
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slag depot

Vertical
pipeline

Belt conveying

Pipeline
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Fig. 30 Operational process of full size loop test
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KB TE BT, JF B wun S Rom, T Aok
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BLEIEFEIL) jm ITHE A N
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15

TR MR A ERE ) BT

BEINREE IR “ 2 Mm% MR, BEH
RIBH 3453 R B 2 T ZE AR R 2 R A s 22 A% T
1 B2, WK 31 PR, &6 “ESEEE” K
THEBREEN AP, AEBENKTFEEEREN

Jm )

342

2l Differential pressure

Differential pressure

BRI jo RV = A FUTE R pyyg -
jm,ver = jm+pslug

3.43 WA EFRBEMATE AT
IRIEE 20 From (A B 7E OB = AL S
RIS HUBY YIS AN Y D53 A R, I B 32 1 J LAk
ST, AT DU A B VR AR R 7e R
FALALT DB, JRAEZER AR IR B,
FEPUAGE TR A AE 7 FE T B Buckingham
jj*li?—:(4)%ﬁ[34’ 37,48] .

3)

4
S 1_i(f_oJ+1(f_o] ] W
D 37z, ) 3¢z,
IR @Y
D 4 1 !
5 [ EEARIEA } .
8n 3\z,) 3\rz,
BT
4 8
rw—gwo+nxfgj (©6)

s o WEBEVIN T, Pas oo AWIEEYVIN. /), Pa; n
NIBVEREREG v N R TR P A
m/s; D NEENE, m.

FRS, MR4EERE = PR, BRRET
{1 A5 JAE T R L g R0 B RS T AR ) A R 4 A

A [49-51],
=7 :

|/
/|
f

- Signal box
"‘Data acquisition card

meter Py,

value: AP

AP, EEHITEHE N
. AP, —-AP
22 7 2
Jm T (@)
T BB B LB Gner) 72 AP ER 32 KT B
Mixing tank &
Vertical -
pipeline /
&////
Feeding pump g}
B 31 (e 8 T 2 A SRR W /K T L A AR L S VDT

Fig. 31 Calculation method of frictional resistance in horizontal and bent pipe measured by high accuracy pressure difference

transducer™>”)
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Fig. 32 Relationship curves between shear stress and shear

rate in typical rheological model
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2 (12)
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FRAEIAE RIS R v AVEFEFE AT jo B8 S
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Fig. 33 Rheological parameter curves of PG backfill slurry

with concentrations of 46%—65%
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Table 12 Calculation values of initial shear stress and viscosity coefficient of rheological parameters in loop test

Slurry concentration/% Fitted equation y=kx+b k b Ty = % n= %
46% y=7.6917x-6.2697 7.6917 —6.2697 —4.70 0.1922
50% y=8.3388x-6.8266 8.3388 —6.8266 -5.12 0.2085
55% y=10.236x—8.3472 10.236 —8.3472 —6.26 0.2559
60% y=7.4230x-2.6306 7.423 2.6306 1.97 0.1840
61% 1=9.1479x+2.7083 9.1479 2.7083 2.03 0.2287
63% y=10.828x+2.9363 10.828 2.9363 2.20 0.2737
65% y=27.102x+13.295 27.102 13.295 9.97 0.6776

Ratio of phosphogypsum and new type slurry is 5:1.

& 13 IR A KT S L ME X B

Table 13 Comparison between calculated drag formula and measured values of frictional resistance

Slurry concentration/% Velocity/(m's™")

Calculation value/(kPa-m™")

Measured value/(kPa-m™") Error rate/%

60 1.81
60 1.99
60 2.37
60 3.06
61 1.78
61 2.03
61 222
61 2.53
61 2.65
63 1.34
63 1.70

63 2.60

0.2515
0.2759
0.3284
0.4236
0.3152
0.3588
0.3931
0.4477
0.4695
0.3875
0.4918
0.7512

0.2373 5.99
0.2478 11.36
0.3898 —15.75
0.4956 —14.53
0.3641 —13.44
0.3227 11.21
0.3591 9.47
0.5394 —-17.01
0.5697 -17.59
0.4570 —-15.19
0.4340 13.33
0.6590 13.99
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Fig. 37 Relationship curve between filling resistance and

phosphogypsum slurry concentration
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Fig. 38 On site pipeline burst during industrial test of
phosphogypsum backfill slurry with concentration of 65%:

(a) Elastic-joint damaged; (b) Pipeline break
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Fig. 39 Relationship curve between frictional resistance and

phosphogypsum slurry concentration
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Theory and practice of green mine backfill with
whole phosphate waste
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GAO Li"?, WANG Xin-min"?, ZHAO Guo-yan"?, LIU Zhi-xiang" % LI Qi-yue'?

(1. School of Resources and Safety Engineering, Central South University, Changsha 410083, China;
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Abstract: With the popularization of the concept of green mining and resource recycling economy strategy in China,
“local material” has become the preference for backfill in mines. This paper systematically summarizes the green backfill
theory and technology of the whole phosphorous waste (Phosphogypsum as aggregate and yellow phosphorus slag as
binder) which was first proposed in the world. From the perspectives of physicochemical properties, flow characteristic,
strength development, safety and environmental benefit, the feasibility of backfill with whole phosphorus wastes is
discussed. On the basis of loop test, the original phosphogypsum backfill technology was replaced by a new cemented
paste backfill technology, setting an example for green, safe and efficient mining for phosphorus chemical enterprises and
mines in China.
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