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Fig. 1 SEM images of vanadium-bearing steel slag
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Table 1 Main chemical composition of fly ash

1 BRI

Bk K 78 24 i BB N 78RR T T R
B BRI 2 MRS, FEARYE A AR HE LT
Yok BEIAE Ay e S4B B T AT 1 . P ialae )
FH LT SR A (SEM) KR B AR (1 S0 &5 #4) AT IR
BEATAS I A3 4, RIS IE RO 30 KV,
TAEREES N 105 mm, JEORAEHE5r709 5000 Fl
20000 fE5(ILE 1)o FHE 1 RTA0, B TR R 44 43
M, AR IWRERENEURL,  HRORLR ) AL
Z AR R BOR BRI G, >8R A R 4
R, FAERERNAE B OFRANT . B0
TR A A 2 B oy, AR WK 1. P4H
PR I EBAL 22 R A Si02 F1 ALOs, FE D HUK
F 50%; SHEICA 0.62%F 1.41%, HAihHEY
JRART AW . 275 QREELFIRD I B A 405 kL)
(GB/T 25176—2010 Friff) 5% T 405 B FEY &
BERRAY S E<2%), WHMBEKGTEE
Ko HYMIRIGSE R TR0, AW L4 EAH
T B 2 2 B R A At o

Chemical Mass fraction/%

composition N0 AlO; Na.O CaO Fe20s S
Dry ash 38.38 19.57 0.04 3.13 22.36 0.62
Wet ash 32.76 12.22 0.03 1.65 28.36 1.41
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R BHE R T BT 32 AF s 2 BRIk =
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e 1) ME R B A 2) M EUR s
HERRTEE); 3) DLEGL MR R AR R, MR
JIRIB IR L RS 5AAR R — 2. BT B RS
S FEAIR S A AL B RS2 TR S AR, HB R
PS8 R0 A5 BN TRV, PR B RS2 RS R 45
Ny Rk, BT R B DL RURR A BT ST
MR, JFRRE RN EIE. T EHE BN AR
A RH R I PIRS (L 2).
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1) KPR RN Z T 53 #

L RAE KT E s (1m) 22 BUA AN, R
HRHRZ0F J1(F) E (GBI J1( )24k, 8%
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FE BHE KRR B 5 R T2 & 1 (F) A
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Fig.2 Force analysis diagram of coarse aggregate
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NEETFEKT 0, Bl f<P. # f>P, HERIZE
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FAFo HIMLATHEWT, B AREE R A AR A R
B BRI MR e i) 122 256

f<G-F

f=N+G-F

f<sPr (6)
f<F+P-G

f<P+G-F

oA TR R R T AR R e SR R
¥, Bl G>F, H N=mg=G, FiLLf A% \iEN

f=2G-F ;

f<F+P-G ™)
B S(7) M A I A

f+F=2G .

F+P=f+G ®)

X A(®) A F [ AR, #5212 (A 781
KRB RIS IERE 2 26 1 5

g U HEUE+P)=2GF
2G

)

I QSE S AU INEE RGNt =k O R O PN R
Prikiag: 38U T 1, BERIRS R AE BT,
A(O) PR BRI 2 i ) o1

J =CAr, (10)

b FABA ST, Ny o) NIRRT, Pas 4 A
HRHR R, m?; C AR RE, LI BERIARIRL
1, FEBRFEHORIE 1.2~2.0, FHERFEZEL 1.2~1.50712,
RIER(O)9) %1, CHKIBHMEIEL KRR, HT
TR R RE b A B REBURL AR 22 R, H
ZHCIARNTEAR, e & CEEIMNAE. XM
BRI EI BRI, B K S8 8Oy /IME, I
WHEL C R 1, R K Fa 8ol SHE G ME) RN
BERPTE TR FIR, i bR SRR K 3R
oG FHE, TR KIS B F% B AR R R 2 B
BT M. EIIGN

G=p,V,g (11)

Kb p, WEEVERE, kg/m®s Ve AERHAR, m?;
g NEIIINEE, m/s?.

HIIF)A
F=pl,g (12)

s o WHREBREEE, kgm'o Ayt
FORMABURIECK IR, itk — 5 o SORLA BT
SIRL . AR TR R R R RS
MEESHIT, T Fuller AP KL
£, AT

B
X
Aluj_A[L%Mj (13)
K M) NEREREEL2, %; 4 1 B
NG REG Drnac NEEHR KRS, mme X
M (x) >R 5B AT 15 Bk A2 A5 55 B R 2 m(x) » I
Z R BT KA X (A 4 A R J oA

LzM@}Jﬂmzﬁm@ﬁx (14)
IESERE oS SO RG]
f P xm(x)dx
= (15)
memm

IR AR B R i i 2 P b 20 v ARORE R
B2 77 BEITFE 1006 77, Ba(6) nT Filg 5t
FE (RN
PR=G+f-F (16)

Kb POAEERIETT, N

2.3 RIGIGIE

DI B AT P BE 8 BRI TR B K 45 B0
R AR R BT TR IR, T
BRI FEIRL IR AR . 42 B R /K AR5

1) K5k

R IRIE T4 1 FA ), 25 BEH 2170 kg/m?.
g RS NP bR/ 12 mm BE A, %5
N 2800 kg/m®, ZGECILE 3, RIEXAS)THHIEAT
PRI A 4.987 mmo GRS R % FH 8 AR Eh K
Ve, BN 2970 kg/mP. BERFES KL (TREE
/K bR JIGI—2006) .
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Fig. 3 Grading of coarse aggregate

2) RITTHE

BRI Lok B 45 8 O AR 5 TR AR o R T o
N R, EABE 1000 kg/m®, KR
290 kg/m®, $EEIKN 435 kg/m®, FELAABRIEIK
ERBHAX . I h 11 H, FHHLEKS
BIR 2. MRS Rt R 4R o A R
/v Fy PRI G, SBARIFRI S TR RIS LT 5
/Aﬁ%[%*lﬂ
B U +U,+U,+U,
Uilp+Uyl py +Us py + Ui p,

Xt py NFESHBEREE, kgm’s Ui N# 70304

Pj (17)

R2 WA o ERWKIRE S
Table 2 Rheological, stratification and bleeding test results

BRHAAARFUEAE R (REAEAE R, kg o H&
FIEMBLEE, kg/m®.

FEIERL AR SLI6 1% F R/S plus LA AR 728
BRI JE RN /7, B3 F V4020 B3 087,
R BATAEME 30 r/min 28 T {H 120 r/min, &40
K 4.8 s, FMKEL 50 vk, MR AR A
BN . B R A RER AT F R DO P AR B SR A
A, R A8 AL &5 T AT AL P[5 33K
PN FIRR KR IR 35 FL 2R 1)t S 75181

T=1y+ " (18)

X o NETVIRI Sy, Pay oy AJEIRNLT), Pas u iy
FEE, Pas; y NEIUIEE, s n ARATERETR
%,

a3 2 FE AR B8 356 P D 0 B AN N = 7o SRR 43
B, K AR IR A B E A ¢, W
R R W o3 )R AR T B 30 min, PS>
JEFEAR F AR IR LBy, BT S0 2% O &=
G, OS5 GMENCAEHBR Y EE.

WK ZRSERG SRR B T & Dy S8 S5 W 5
(PR 1 AR H BT & Dy, 183 D=(D-D1) X
(1w B F R KR (D), HA w kR
li] 7 o7 B 20 (%o o i Ji5 ¥ AR 25 1 59 . 60 min J5
FHEE R AR R TG KR H T B K R &, T
TEK R B SR S KB B (D)2 LR A K &, R4
BT 3 KL AP IME .

P SR I I e Bl
0 74.78 1938.67 30.32 0.00126  0.0024 0.0029 12.56 4.32 29.12
10 76.16 1950.06 60.57 0.00127  0.0047 0.0053 20.33 4.05 10.25
20 77.40 1960.38 110.73 0.00127  0.0086 0.0092 33.19 3.97 5.43
30 78.52 1969.78 190.25 0.00128 0.015 0.015 53.57 3.56 2.32
40 79.53 1978.37 230.37  0.00128 0.018 0.019 63.87 3.31 1.36
50 80.45 1986.25 247.33 0.00129 0.019 0.020 68.25 3.21 0.83
60 81.29 1993.51 259.39 0.00129 0.020 0.021 71.37 3.12 0.46
70 82.06 2000.22 267.21 0.00130 0.021 0.021 73.40 2.67 0.32
80 82.77 2006.44 272.33 0.00130 0.021 0.022 74.74 1.56 0.26
90 83.42 2012.22 282.17 0.00131 0.022 0.023 77.29 1.45 0.11
100 84.03 2017.60 300.12 0.00131 0.023 0.024 81.92 0.96 0.04
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P 2 v ARG % 77, B 2R 15 R 770 0.024
N I S 4R K FEE(IL#% 2).

4) g R0

DL K AEN X B, 572 Y i, WKER Z
Hy, 2 =4EROSELE 4). TE 4 F Xy
X-Z P& mT 50, Bl RB E AR, K 880K,
WK ZFN 5y 2 BEE W AR, RIEE RIS
Prifesg o, XU R B N RS
SRAN TR B AC AR, FHZE B R (Al i 7K d
U, [FE, KRR, KyrFE gk
RN IR, TR R i B oK, Al
BHEEEARKE. Bk, BEEREXRSE N, K
TR R B HT RN, K 8508 K. 3R 1 s,
BEE R BRI, R R R0,
HORMBURL BT 52 6 772 0, AT PR 1) TR AN B
Wizzl, ALkl o 2R TR, K R8RS K.
FH TN, AR SCHE H BRI E PR P B M 14 BE K FE 3L
AP0 TR R (B E AT E BE AT E EARAL .

RIEFE 2 B2 h KB BT Ve Re 18
HORREWE S frox. HE S A 1) EKS=
5 KR IEMIKR, RIEEER GRS ERS,
K R8N R, R e BB EA TR

B4 KAREL 02 BERM KN H T
Fig. 4 Comparison and analysis of K index, stratification

and bleeding rate
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Fig. 5  Relationship between fly ash content and

segregation resistance index

BEERIPTE TR . MRYE SCER[19145 0 v A1, A
PERETRH n SRR R R R, RN
T B KT K. iR 2 hiBE. =
oy ORI IR B 1 s, FE45 -G R10)FI(18) I ff i
MRS B 58 1 2IESR R, RN, B
KB E VIR R, Mg moRER I 7T
RItE, A RORLCE BTS2 BRI ) — e AT, 1
TR A5 5 0] A R R IR TR 77, Bk
SECK TREUER, PEmERRPUE TR . AR
RO, KA iR BERER A A B2 T
TAVZ SR, %A B A — NI B H ) S
HRHFER R B & R EE NS E T, e
FEEEPIEATIERE: 2) MEKBEES K fREOCR
MZEAFIE R, WEMEBEN 40%, K=63.87,
TE A AL B HT , 38 M K35 & 0] R i K TR 2K
TERME 2 G R Bk B R, K 1850l KRR
BRI IRE A HE B 3 B W T e IR . 77 5 B KA
18, FEF KRS, HiFE K FEHOE KK
AR SRR SN BRI AL, 4B R Rk
HFLIR A TBIE ARG, SRR RE, &l
GRELFEEPUE TGRS, HBRSBWIHTS . Ft,
BBk A R S PR ATRE S, (H kA
KB BN TIRE 40%ET, $& &Pt ae /1 s
BRI -

24 FATE K IEBAMHBE KIS ENAEXE
FHEPT2R) O, &K B TR ] &
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AV TERIE, Frs & 1 7 R R He AR AR
GHE B R e TN ARG SR & BN
AR JE IR B /7 7E(200+25) Pa IR (1) [ AH 5 B2 %5,
HodE T Tl B H AN 2808 101.5%~105.3%H Rk}
T[] A 5 R 43 B2, s SO AR HE AN R s HE T
SR R R R A, Rk, ARSONfRIf TS DA
Rl T AE L 1t 2 e [ B O B, AR R 2
HH o 0l ST mRS FE AR KB B K Ta R K 4
AR R, R E AR R R K
TRECFIR Ik 5 5, DR 2 3 A2 B A SR A
KB EM K 55 G ELIX (A

Sy E AN TR 2 v & 2R T B o HORn
TR FE HERR R, MR (19). (20)F1(21)7t
HEHTRE, RBRREAEMER, HEERN
* 3.
p=1-24 (19)

P

1

R= (20)
[1+ pw/ p,, x (100 —w)]

S | =

@2y

W r N, %; py NEREE, kgm?;s p,
FNRERIEE; R NEFILLER, %; p, AIKIIEEL,
kg/m?’s w ARRERR R ESE, %; v RIEA
Z, Y%,

R E Rk FE B B K TR HON K 4851 A 2 (0]

F3 MmMEITER

Table 3 Saturation rate calculation table

AR, FIF SPSS HRAFXT 2 Figk 3 b ke
thkftiil, S 5RIAMEERAEZ&ME. Wi, ¥, =
W =k BE. TS, WMEKMIEH, &A%
BRI R TR B LR 4, SRS L LA 6.
X Eb A B e AR R?, — 50 = Yk [l R AR i
B, 4r 814 0.978 #10.988. [RIFEERLA 4k EIrh =
YR il 2R AH bl A AR 2 B B Sl . ¥ —Je
S RERN, HEB RN x KBECN .
IR 2 (R S .
y =186.48761607611x —166.149457135357x> +
51.2064458048773x° +8.14435000314503
(22)
z=-5.54795111368611y + 0.099951199135679 > —
0.000654558349093393 y° +193.129498243696
(23)
B EARFRAER AR 101.5%~105.3%FL A K (19)
KA, TAEEL K FREUX (A 25.79~28.19, 184K
X IE /T 5 45 sl Ui % K FREX (] AE A AR
PR BLE T S H DM S VANt . B
ETRAYR B EHEEMEKBERN 10.4%~12%,
R B A 7 S e L 2R e SR B 78.52%, BIVA IO
K FB B A 30%/ N T K 5 EURME 40%, FFE8E 1k
SE XhRE. IR FIRAFEX A, PRI B E
5%+ 10.5%F1 15% B BERIRAL . 25 B AHERUALS .
I SR =S5 2 WHE, RS
SR HITHE K RO R IR 5.

Proportion/% wi% pul(kgm™) pd/(kgm™) % RI% v 1%
0 74.48 2800 1833 0.35 0.49 140.62
10 76.16 2730.25 1604.22 0.41 0.46 111.72
20 77.40 2672.36 1447.35 0.46 0.44 95.61
30 78.52 2626.72 1340.27 0.49 0.42 85.38
40 79.53 2587.13 1258.63 0.51 0.40 77.84
50 80.45 255345 1195.45 0.53 0.38 72.00
60 81.29 2527.61 1148.92 0.55 0.37 67.43
70 82.06 2504.32 1104.58 0.56 0.35 63.29
80 82.77 2483.72 1078.15 0.57 0.34 60.22
90 83.42 2466.62 1045.21 0.58 0.33 57.06

100 84.03 2446.33 1017.31 0.58 0.32 54.31
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Table 4 Curve estimation calculation results table

Model y(x) z(y)
Linear 0.859 0.947
Logarithm Na! 0.963
Inverse N 0.913
Quadratic 0.976 0.952
Cubic 0.978 0.988
Composite 0.743 0.956
Power N 0.919
S N.! 0.822
Growth 0.743 0.956
Exponential 0.743 0.956

1) Na means that independent variable contains zero and

cannot be fitted.

90 -(a)
75
x 60 -
3
.8
M 45 e Actual value
— Linear
Quadratic
30 — Cubic
— Composite
— Growth
15 — Exponential value
0 0.2 0.4 0.6 0.8 1.0
Fly ash content/%
160 i\ (b) o Actual value
— Linear
— Logarithm
140 — Inverse
Quadratic
— Cubic
120 — Composite
— Power
<100}
80+
60
40 1 1 1 1 Il
10 20 30 40 50 60 70 80 90
K index

Ble HiZdflitila A

Fig. 6 Curve estimation fitting diagram

xS SKMMETIAE XS b Hr 3k
Table 5 Comparison and analysis of measured and

predicted values

Prop ;tion/ 7o/Pa K Kpredict l:frlj:/i(\,z
5 4554 1720 17.06 0.81 113.17
10.5 78.13 2594 2595 0.064 103.40
15 107.34 33.77  32.55 3.60 106.80

HF S vl MK B RN 10.5%1 K TR
TR R I 7E A B X RV R N, U B G & L Rl
W E AR E, HEARIFMITEITEET), misE
KT BN T A3 X AR A SR I AN 2 E
k. FIHARQXT K F850THE, 458 05N
17.06. 25.95 F1 33.77, AHXTRZE 0.81%- 0.064%F1
3.6%, B I TR R A

g5 LR, TERER IR IR T R AR
EEARPTE TR, (HTESL RN R R K
FREGEAN R Ly, BA mbtEir ks kR
B R T B AR 0 R, N SRR
A, [FIBTTE R N 7 B T K, i3k — D 3G
AR K EEUN, PR 5 kA4 B i S 80
RS NBEEN, HewmaEmm h¥Es
o Bk, PR E 1R KB A
10.39%~11.98%1 K #5404 25.79~28.19, XI5
P BE AT R B AR BUS T M RE R, SOE A TR
Fo IR, RIFATFEBER TR T K fa4k, W
SR, AW EM R & st S
%o BRI BB B K BEE EX R, 2
S F AR X 4 )R 3R I TR A R 4R 5
PEYEE . AR WA FH R AR R, R
PRI AR (16 B X AR AS R, (ER A A28 107
TEATEE NS F T 50 10 A B AR B K 35 B A K AR 3L
()£ R IX 8]

3 Z5ip

1) M IEAURL AR R R AR 5y AT 350 5], ToHe K B
INFRL, TR Z MR BRI . K B2
B3 A SiOx Al ALOs, Sl & <2%, AW HARA F
VI, e CIREE A H A4S B GB/T
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25176—2010) FRAEEIR, UE BRI AT 78 M40
BHEH .

2) BT EMIEKF B EHEE RN
K52 F155 07, ORIHRAS . 432 R K AR L6
E, ASHIEFC S I S B AR R B B A It e 4R
K WE RN R ERE U TR . 2 K<1 I,
RIS KAEBEN: 24 K=1 1, REEAGRES
B, H K S0 OOR R B s A R R R

3) KB EAR TS K 1R, (A7
FEMRME 40%, HBE/NTRIER, K faE08in8eei
m ABEKTIRER, KRB0 8K,

4) G M ZAG T FIE AR E S, 3 IR A K
BRE-K 185U K F85VOR 6 sk BT SR,
E & RN B R TR K A X AN
25.79~28.19, BA REFHEHTIERERER IR K S
B 10.4%~12%. BT H KB E 5%, 10.5%
A 15% kR = NAEE, PR REY, BE 10.5%
1 K SR BAEAEIX AN, #IRHES B, RS
T-K R BRI T AR 5 S A X R 22 4
0.81%- 0.064%7F1 3.6%, AR FEEL R, ] P
FPULHT R TR St L.
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Influence of fly ash content on segregation resistance of
pumped paste filling slurry

ZHANG Peng" 2, GAO Qian?, WANG You-tuan', ZHANG Tao' 2, WU Fan?

(1. Institute of Mining Technology, Inner Mongol University of Technology, Huhhot 010051, China;
2. Key Laboratory of High Efficient Mining and Safety of Metal Mine, Ministry of Education,
University of Science and Technology Beijing, Beijing 100083, China)

Abstract: To reveal the influence of the fly ash content on the anti-segregation performance of the pumped paste
filling slurry, the shape, particle size and composition of fly ash particles were analyzed through physicochemical
tests. Then, according to the pumping paste filling slurry in coarse aggregate particles in horizontal and vertical
pipes, the stress of the public-listed segregation resistance index K was tested. To test the index, the rheological,
exudation rate and delamination degree tests were carried out. The results indicate that the fly ash content and K
index are positively correlated and the K index and bleeding rate exhibit an inversely proportional relationship.
Combined with the mechanism of bleeding, flocculation theory, paste definition and curve estimation, the
experimental results show that the fly ash can be used as a fine aggregate to mix into the slurry of the pumping
paste filling; the K index quantitatively represents the anti-segregation ability of the pumped paste filling slurry.
When K21, the slurry does not easily segregate, and the higher the value of X is, the stronger the anti-segregation
performance will be. When K<<1, the slurry easily segregates. The addition of fly ash into the pumping paste
filling slurry can effectively improve the anti-segregation performance, but there is a threshold value of 40%. A
reasonable range for the fly ash content is 10.4%—12%, and a reasonable range for the K index is 25.79-28.19.
These ranges are based on the model of the dose-K index (R*=0.978), the model of K-index saturation (R?>=0.988),
the paste definition and the laboratory test of fly ash contents of 5%, 10.5% and 15% in filling slurry. The relative
errors of the dose-K index calculation models are 2.5%, 0.16% and 0.58%, respectively, which demonstrate a high
accuracy and provide a theoretical basis and guidance for the field preparation of high-quality pumping paste
filling slurry.

Key words: underground mining; pumping paste filling slurry; fly ash content; anti-segregation performance
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