47 934 Fii +
2026 4F 6 A

Vol. 47,No. 3

Chinese Rare Earths June 2026

ARSI E MRS T
38 B ) B M 55

tEE EEE RAR, R FHC H B

(1. Efiias K2 LRSS 2AEE, 70 S 330063,
2.k n it LI EARAR mE A 3640005
3. E R TREEE2AGE, IV S 330031)

A E AW L R AR S AR R R ) A RUR S AR A, T Z AR SRR R BT I A
A= FHLRAS AR B LA e DX AR RS DA B T4 L 28 4 i R 30 T W, Sk 9 9 1 e R b A A
TR FRLFIIR S 728 A %o 8 - IR BT U -0 LU A 3 R e M R, 2% SRR T B W00 B KR (B I B IR
B ORI L LR R =K RS IR I b, g R — R S AR B i g0 A A =l N HE KR B B AR i
TN B 1 W B R 0 39 5 13 8 s 52 A [ 181 28 (0 5 i R 3 B Lt R 38 /KO i AR f R, I 2 SR 3R
0 2 K 3 (KR g ) o AR AR R -+ BT BT 3 1) DTk R EERIAE R IR T 120 IR B AR Y R A L A
T e BE R AR AR 007 B S5 14 TR AR SIAE R 2R 0 5 20 U W A v ™ DA AE AT R 59 5 B A K X
BARX S A0 L MR AR R T, G2 R [ m(BRIREE) : m(BRARE ) = 1« 1] AUAT LA J AT B 0 h
FITO IR e M, ARSE A X SE I IR B AR 0 2 e (R A EER S E L,

SRR - B T BT BUR -0  ARAEAN 0 Ll AR E 5 IE A e i P R

FESES TU41L. 3 HERFRIRAG A X EHE :1004-0277( 2026 ) 03-0025-13
B W B AR A (LA AR AL )
SR PR IR b R R AR 1S

(T e S P AT i B e A A 3R R A WAL= B
E=RC R SR IR B TS AP 5 )

K BT IR L SR A D0 T R HER AR
B2, HTES 5 B LA AT R £ 2 DU R
W T8 E, MRS T2 e 25 4 10

Wik H 389 .2023-11-07

U IR F
BREAR A o W RILIE 050, LAl R S ORI
FBRRER AR R p &S WA R &g TR

I FRE A ARZ T H (51869013) ; 1174 4 B H T RHAHABE ST H (GII210920) 5 i B A 25 K2 1 L8 3 2k 4 00 F

(EA201911396)

TEH A . =25 (1988-) , 5, i%ﬁ(%/ﬁﬂ)\,fﬁi ,%Uﬂi,£¥M$jﬁfﬂfuiﬁ%5%1‘%%:':7—*%%7‘7@5/‘]5%%,E—mall yeyunxue@ 163. com

* BAEAEY BRI , Hd%  E-mail ; wjh0796@ 163. com
DOI.: 10. 3724/51004-0277. 202603004



3¢

26 i

+ 547

25 Y R OKBEIR, X0 88 5 A 0 e sk
FERFARSE N T R R e R T
A AR R R R
O AR S R, B SO LR
ROR B0 OB W R AN B A B By T
AT AT L SR RE R B A B 5 08 BB A5
IRE S AW L TE BT A B 20 R A
THAHY A RN TR BT BT R AR
TH LY eRRE

BT RI A BE 5 A S DR E B TY 95 JEE R/
BARER , P B B AT L AR ) 3 AR
Yo AETEWRCE AR, 500 S 1 U A 4 T 5T 55 8 1Y
PRI R AR AR R i T BE AN KR Ok
QR BT R R e B Al Tk
PR LAY 3t o 2 1 52 2%, HLTE W W R e be
T SRR e lUR K T B RN A bR R R AR
A A S BV A 1) 2 ) AR S e T B S T
TR L BB 5 B AT S R 2 AR TR TR BRI R
Bkt s Z R AR R s
SELATH AL SEPR T AR oK, IR % M I3 9 ] 45
I RIRCER BT 2R B LA R B IR B e 4 L TR
VRN R L0 L O & AT R i , (HLARL R
P 1R R IR T B 8, HLGR R B T S 1
M TR R

T TR FRBTE WORA S BT L Ak (TP R 7R
VPR R e B RRBE AR o B 5 5 TR — B B
AATHEOE . BR T BRI R R TR L A2 )R
PR T 425 4JC 3l 0 W5 A A% Hhy A 6 0 1] 7 FER
A A R 3R 5 DRSS — 25 5 00 Ll 12 3 Y

FEM AR e 28, R W, R A TGS
PR RS 5 BE A N SR AT RE K, 250 X A7 AE
WAL B 5 A TR ) DX, U 25 BB A 3% X S S
N RERVL T e ST 1 B e VN (R S LB A O
Wits T R4, FEREAS TR B v, 5 0 XA AE R
PBT 5 5 B AT 19 DX, ) 7 o 32 DX ™ 1 22 4
WS 5T L B T

DIE A e 5 e 1 8 - AU T S SR X
LTI B, A % N B BT B A
[FIRILG T3 B IG5 KR R R =26
RUFTRIURE 2 C 52 M T E 16 A0 S AU - 8T B 5
JEFEPRI AR, 45 6 2 AN [ 25 AN HE K 55 105
( Unconsolidated undrained shear test, UU) i} 5% A~ [
IG5 B W) UR & K3 R R e BRI 7 26
AU S RS - AVRR T B B 9 B AR bR i AR 1k
FUAL BRI AR AR 1 R i) A8 R S A B 52 e
SRR EE R, D AN R R
PR B 5 J32 A R R X AR DX Sl R T 5 i B AR
AR X3,

1 RS FE

1.1 Rl

B A TR AT S, U
b2 OBR L EL AT SRR TR ON L, X AT
(XRD) 201l LSS S 6 L0 R 28>0 4R g
AR BT YR e A 62% R A
24. 6% A1 HE12. 2% FAT JRAT 1. 2% o 156 1 10 4
AR BPERR WA 1, K p,,, WK TEE w, N
RIS KR,

x 1 REATHERYEMER

Table 1 Basic physical properties of soil for testing

Specific Liquid limit/  Plastic limit/ Plasticity Pmas” w,,/ Grain size composition
gravity % % index (g/em’) % Smm~2mm 2 mm~0.075 mm < 0.075 mm
2.71 36. 11 23.16 12.95 1.76 19.7 17.4 74.2 8.4




22 T 28 AR~ SR AR 2548 A X 2 715 B R ™ B 09 ik B2 P S 5 27

1.2 AR

12,1 AR A 87

BT IR B FLIBCRE G015 380 BORE A 1Y) T 9%
AT 1.40 ¢/cm® ~ 1. 60 g/em®, & /K H 404 2
N 16% ~24% , R w1t (lEE ) %55 B A9 K F 23 531
BH 1,40 g/em’® 1,50 g/em® 1. 60 g/cm® , WA (i
FE) KB K-35 R 16% ,20% \24% . FR 4
SCHRIARIEIE 25 5 0 A TR ORRE, R 0 VR B (¥
SRR BT ) iK1 2% 3% 5% , %
TR (o o B 5 A I e ) AR I LG ) 7K
I m(BRIREE) + m(BREREE) M 02103 : 7,
515, WAL BREE AT 8 A A [F] AL AR i R A]
AAFAR R R ECLHFE B IR 0 0 1) 7K SF- 43 3] 152
2 mm 0.5 mm.0.075 mm, HA[F /KPR FEHFE
M KR A%, JEM RS 37 1E 38R 80y E an sk 2
JiR R 1.2 .3 FoR & RR MR- 45, IEAC
RIS FR G IR R = KF, 3 18 435 (%R
2250) o MRIEBEE B H bR & KRB E R I
e /b 24 h 38 i R L 58 O )RR (LR
61.8 mm & 20 mm) B HIE, BEAH L HIE 4 F
IR, B3 72 M, A TS UU g AR, B
SIS R PR 5T 150, 2 B ) 43 5%l 50 kPa,
100 kPa 200 kPa 300 kPa,

®2 HEURKBEZRSKER

Table 2 Factors and levels of direct shear test
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Table 3 Factors and levels of UU test

Level
Number Factor
1 2 3
A’ Initial dry density/(g/cm®) 1.45 1.50 1.55
B’ Initial water content/% 16 20 24
c’ Concentration of leaching agent/% 3 4 5

Type of leaching agent
] . 5:5 0:10 3:7
[ MgSO, : (NH,),S0,]

Level
Number Factor
1 2 3
A Initial dry density/(g/cm®) 1.40  1.50 1.60
B Initial water content/ % 16 20 24
C Concentration of leaching agent/% 2 3 5

Type of leaching agent
D 0:10 3:7 5:5
[ MgSO, : (NH,),S0,]

E Particle grade/mm 2 0.5 0.075
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Table 4 Results of orthogonal quick shear test

Number A B € D E  Emor o/kPa  ¢/(°)
1 | S T N 1 23.35  28.87
2 11 2 2 3 3 87.63  29.31
3 1 2 1 3 3 3 88.49  30.74
4 1 2 3 1 2 2 21.82  27.94
5 13 2 3 2 2 18.62  29.76
6 13 3 2 1 1 9.68  27.75
7 2 1 1 3 2 2 70.65  30.53
8 2 1 3 1 3 3 107.39  28.48
9 2 2 2 2 2 2 51.91  29.46
10 2 2 3 3 1 1 14.70  28.75
11 2 3 1 2 3 3 85.61  30.52
12 2 3 2 1 1 1 12.64  27.07
13 301 2 31 1 58.61  30.08
14 31 3 2 2 2 75.39  29.26
15 32 1 2 1 1 47.71  30.16
16 302 2 1 3 3 133.64  29.89
17 33 11 2 2 62.19  30.16
18 33 3 3 3 3 121.59  29.28
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Fig.1 Trend of shear strength indexes (a) versus factor levels (b) for unsaturated rare earth ore
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Table 5 Analysis of variance of orthogonal quick shear test

Evaluation Sum of squares
Source of variance Freedom Mean square F value p value
index of deviations

A 5299. 154 2649. 577 20. 902 0. 004
B 1066. 102 533.051 4.205 0. 085
C 62. 870 31.435 0.248 0.789
c/kPa D 20. 102 10. 051 0.079 0.925

E 18455.901 9227.951 72.797 0
Error 61.410 30. 705 0.242 0.794

Residual 633.813 126.763 / /
A 2.014 1. 007 9.769 0.019
B 0. 549 0.275 2. 665 0.163
C 7.599 3. 800 36. 870 0.001
&/ (°) D 3.827 1.913 18. 565 0. 005
E 2. 864 1.432 13. 894 0. 009
Error 0. 746 0.373 3.619 0. 107

Residual 0.515 0. 103 / /
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Fig.2 The relationship between factor levels and cohesion (a) ; The relationship between the level

of the factor and the angle of internal friction (b)
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Table 6 Orthogonal UU test results

Number A’ B’ c’ D’ c/kPa &/ (°)
1 1 1 1 1 9.7 6. 44
2 1 2 2 2 20.3 2.81
3 1 3 3 3 6.5 7.97
4 2 3 1 2 4.8 20. 31
5 2 1 2 3 6.4 10. 98
6 2 2 3 1 2.7 16.28
7 3 2 1 3 13.9 15.38
8 3 3 2 1 26.3 18.13
9 3 1 3 2 16.1 14. 66

P 3 O L R B BT 5 R A B - P 3R OKF-
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Fig.3 (a) Shear strength parameters of saturated rare earth ore; (b) Trend plot of factor levels
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Table 7 Analysis of variance in orthogonal UU tests

Evaluation Sum of squares
Source of variance Freedom Mean square F value p value
index of deviations
A’ 300. 062 150. 031 52.195 0.019
c’ 153.562 76. 781 26.712 0. 036
c/kPa
D’ 39. 469 19.734 6. 865 0.127
Error 5.749 2.874 / /
A’ 208. 821 104. 410 29. 440 0.033
B’ 39.292 19. 646 5.539 0.153
/(%)
c’ 18. 164 9.082 2.561 0.281
Error 7.093 3.547 / /
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Fig.5 Relationship between cohesion and leaching
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Fig.7 Stress-strain curves (a) and shear strength envelope plots (b) of the leaching group
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Table 8 The shear strength index values of three groups

of ore samples

Group c¢/kPa &/ (°)
Control group 45.2 14.9
Leaching group 32.5 17.5
Tailings group 16.7 19.8
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Study on the Influence of Unsaturated-saturated State Change on the
Shear Strength of Ion-adsorption Rare Earth Ores

YE Yun-xue', LI Jian-gi', HONG Ben-gen®, WU Jun-hua'" , YI Bo-wen®, YU Yong'

(1. School of Civil Engineering and Transportation, Nanchang Hangkong University, Nanchang 330063, China;
2. Longyan Rare Earth Development Co. , Lid. , Longyan 364000, China;

3. School of Infrastructure Engineering, Nanchang University, Nanchang 330031, China)

Abstract : There exists an intrinsic correlation between the injection process in ion-adsorption rare earth ore and the tran-
sition of ore bodies from unsaturated to saturated states. Identifying relatively stable and unstable zones within the mine under
such saturation-dependent changes is crucial for ensuring safe mining operations and facilitating landslide early-warning moni-
toring. To quantitatively evaluate the effect of unsaturated-saturated state transitions—Triggered by solution injection—On
slope stability in ion-adsorption rare earth deposits, an orthogonal experimental design was adopted, incorporating five control-
ling factors—Initial dry density, initial moisture content, leaching agent concentration, leaching agent type, and grain size
distribution—Each evaluated at three discrete levels. Systematic unsaturated direct shear tests and saturated consolidated-und-
rained triaxial tests were performed to determine the sensitivity of key shear strength parameters—Namely, effective cohesion
and effective friction angle under unsaturated conditions, and undrained cohesion and total friction angle under saturated condi-
tions—To variations in each factor. The results further quantify how incremental changes in factor levels govern the magnitude
and trend of strength parameter evolution. The experimental results demonstrate that, in unsaturated ion-adsorption rare earth
ore, the initial moisture content—Quantified as matric suction—Exerts a dominant influence on shear strength primarily
through enhancement of effective cohesion, whereas leaching agent concentration governs the effective friction angle. In con-
trast, under saturated conditions, leaching agent concentration modulates shear strength predominantly via its effect on undr-
ained cohesion. Throughout the solution injection process, spatial heterogeneity in shear strength persists within the ore body,
with coexisting high-strength and low-strength zones. Relative to conventional ammonium sulfate-based leaching agents, the
optimized composite leaching agent—Comprising equimolar ammonium sulfate and magnesium sulfate [ m ( MgSO, ) :
m(NH,),S0,=1: 1]—Achieves dual benefits; Significant reduction in ammonia nitrogen emissions and measurable improve-
ment in slope stability at active mining sites. The results in the study can provide a significant guideline for safe and green
mining of ion-adsorption rare earth minerals.

Key words :ion-adsorption rare earth ore; unsaturated; mine slope stability; orthogonal test design; shear strength



