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Fig. 1 Comparison mining depth of typical metal mine around the world: (a) Typical deep mine in foreign countries; (b) Typical
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Fig. 3 Shallow, medium, deep and ultra-deep mining environments (Boundaries are approximate, and vary with local conditions)!'”)
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Table 1  Values of parameters associated with different mining depths!'”’

Typical ical Infl f  Possibl
.. Typical ypica . V.ertlca Stress Stope closuse/ rruence o ossible Rockburst
Mining denth/m ERR/  virgin stress/ fracturin (mm-m advance ') geology on  extent of hazard
P (MJm?)  MPa £ h/w stability  FOG’s
Shallow <1000 <8 <25 Little/None Low(<<10) Strong ~ Can be large Mininmal
. Moderate-
Medium depth 1000-2250  8-40 25-60 Moderate ~ Moderate(10-30)  Moderate  Often small 4
severe
Deep 2250-3500 40-80" 60—90 Deep High(30—-60) Moderate Usually small ~ Severe”
Ultra-deep >3500 > 80" >95 Very deep  Very high(>60)*  Moderate Small Very severe”
Note: ERR—Energy release rate; h/w—hight/width; FOG—Falls of ground; “*>—If regional support were not used.
1.3 ZFARFXREI R RE (ILIE 4), SR T I SR L« SRS I SR 5

COREITR” BONEES, HYPERFRME 22 “% SFBEAE X, T RIEAFFEERREITR. Bt
F87, WAL R SE U SRR, AR RPTEBUR Y S BRI Gk S e v R R
T RAARIRT AT J) RIS R, SHATRE . WERFEPSIY I She & R A NOIRES . )

TAFEFFE IR EUE PO R E I 52 LB FRORIR NI T A
1) AR R A AR LA 5 i SRR TIABEIR S . AT LL KRB A R R AR K

A O £ 50 2% % ALDORF 25 g B, ARSE I MLs A ifng s il dt SO IR T RIR I
CROEFIBAFINE, BARGHIELIFRID TIRARIR SO TRE ARSI AR E 7 A LB IR 5




1240

TR A (< R AR

201746 H

A B AR O A YR SR M SR P 2 SR B A ¥ Bl T
Wi 17 R e g AR IR s il AP A R )
b R AT SR R TR R T B AT
(15 HAFAE, I 800 m 24 @b RBITR K
I AELLARTBIT AR ) G 32 ) A LR ea il
55175 WHFARTHE S EPY: LR s R A0
HWRIEIIRFAE AT N N LA 5 N R TR
IBPISCHRER T E « VFZAHAE “ 7 B 1A
BB T AR TR He D777 B8 e 2856 23 5,
FENT T URES TREMI PP FEAR, IR T AT “ R
X —HES MR, gk 2D s (L 230 9)~
(12) i1 T JsU 46 SCHR vk 3k BOX L) 3% 51 1 2 4 2

Hy
o

AW, ERLERZHAZEBT ARNIPRE, X T
WA IR, HICREZWREREZ, AT
BE— D5

2) MUAREETHRE S 5 i KR

KRATZ WG IR B I (K 18, 2 1 57
KR 5), BUARSEH 1 i Ar LLL L BT (T R85
REFEHA, B LA BRI AR I A5 R0k 75 20 AL
ARG R ER, SRR T ELA 184 32T
ARG, HARTHRE Bl ST AR (K38 i B,
AR i e 55 B AR LT 28R AR AR (A2 s WA 5 SO i 7
FETHRIE o I A ERTHAE S B PRTHEOR I A R M A
Wrde i o

H, H,
(3]

Partially stable

Totally stable

A

Supercritical
depth

5

>

Critical depth range

7}

Y

Subcritical
depth

A

Y
A

Surface

Unsupported opening|

for T— =stable

Unstable

Mine working with supports for
required useful life

Y
A

Unstable Conditionally stable

) 4
A

Stable _

Driving

Requires special technology

Bl 4 AR R 220
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Table 2 Empirical formula of critical depth H,**™*
No. Researcher (year) Formula Note
1 KVAPIL (1957)P% H.=30.psing/(2y=9.81cosp—n1)
2 SINGH (1986)** H=(oc—0)/2yn
2 HOU (1989)"" H,=[0.318(1- —4
OU (1989) o=[0:318(17)o13~4u] o, is uniaxial compressive strength of rock,
3 PENG etal (1996)" H=(o)/ {[(1H+A)+2(1-A)c0s20)]} MPa; o, is uniaxial tensile strength of rock,
4 TANG (2000)P7 He= (1-10)0/[5(1-1)y] MPa; y is bulk density of rocks, KN/m’; s
poisson's ratio of rock; G=w/(1—w)—
He=CllkySo(a no—tang))/o, . .
knockback lateral pushing due to Poisson’s
for drift roof, ) )
coefficient(u);  &=(1-2u)/(1—w); ky is
H=2Ctan[(90+¢)/2)/kikuo . .
5 SAUKU (1992)[38] probable stress concentration coefficient
for wall-side . o
around the working; a=B/2; C is internal
Ho=C{e™™[tan((90+) 2]~ 1)]} ko tang . . .
cohesion of rock mases; &, is near workings
for floor . . L
influence coefficient; &, is side-wall stress
6 PAN and LI (2002)% Hcr:.(io-c(l_Sinl//)[(1+E//1)/ concentration coefficient; k, is rock mass
(1-sing)—E/A—1] )/2Ey plasticity; k is a coefficient characterizing
7 ZHANG et al (2004)“") He=[0.2k(1-)oc )/ [(4u—1)y] bedrock; k; coefficient that depends on type
f rock; i k’s str t plasticity; A i
8  ZHANG et al (2006)! Ho={[3ko/ (1201 6.} [(1+2K)y] OF TOCK; api 18 TOCK'S stress at plasticity; 418
lower modulus, MPa; ¢ is angle of internal
9  LABASSE et al*¥ Hy=0./y . . .
friction of rocks, (°); p is compressive
10 TIMBAREVICI et al'* Ho=20/280y strength of rocks under natural conditions,
11 BELAENKOMY H.=0J/éy kp/em?; 75 is lateral stress coefficient; o,
[42] represents elastic stress for case of triaxial
12 BEALER H.=o./ky
. compression, MPa; o, is critical stress, MPa;
13 CVAPIL H.=o/k . .. .
ooy or is additional stress, MPa; £ is a
14 TODERAS etal (2015)  H,=[(1-)0,1]/(\3y) for mine shafts dimensionless coefficient; P is panel width
15  TODERAS etal (2015)"*7  H,=0,/(V3y) for galleries (ft); w is abutment angle, °; ko is a coefficient
1 oi o
16 TODERAS etal (20153 H,=(7.34y/6,~0.248)+0.1 and ko= 1; g is gravitational constant,
17 HEASLEY (2008)*" H.=P/(2xtanw)
18  WANG et al (2015)* H.~(o.,—no)/ABg
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Fig. 6 Effect of mining depth on annoyance index and fatigue symptom(Modified from Ref. [47])
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Case studies: Open pits and caving mines

900
(a) e¢Failure-Visited mines
. B Failure-Review
800 eFailure-Caving Mines
¢ Stable-Visited mines
O oStable-Review
700 oAltlk Today
m| O
600 B
[ ]
£ o
5 500 By o o
R5)
<=
(]
g 400
&7 o
? .

300

200

100

0" 10 20 30 40 50 60 70 80 90
Overall slope angle/(*)

B 12 BRI SRR

Slope height/m

Natural and Engineering Slopes from China

1400 '
(b) 4 Failure-River Bank Slopes
Failure-Reservoir Slopes
1200 = Failure-Engineering Slopes
aStable River Bank Slopes
o Stable Reservoir Slopes
1000 oStable Engineering Slopes
. o
° a
800 * 2
A o
°
600 & IA
4 0 &A 5
400 2 e
Lo g 2 ; ¢ i
D A
200 SR AT o
° AR
. ; %{j Oma EI.D
o- 0O T

0 10 20 30 40 50 60 70 80 90
Slope angle/(°)

Fig. 12 Overall angle versus height versus for stable and unstable slope: (a) Ref. [76]; (b) Ref. [77]

2.4 RHFFREBER SRR
241 JFRARL

Bl 13 45 TYE#E A VR HL B s & A (B ot
PP THIR IR BT IR . A, nRAE
TR R T7 8 o B T FF R NS0 s Y. PR B S
TR 7R 52 1) v b N, ) RS YRR 5 AR I A7 5 e
ﬁ%,TLﬁﬁ&MEIh,Hwﬂﬁﬂﬁﬁ%%%
PEREVE AL A T a AR (A7 T RE, R I 35 3 TR
ﬁﬁﬁﬁfﬁﬁf%ﬂﬁh&ﬁhﬁﬁ,ﬁﬂﬁmﬁ
BUBREE T 20 507 DX EAT ARV 0™, Akt SR Y. )
P PR L TF RS 10K 25 KR P4 i B i
TR, I I e R FI G R S 1t
FORSERY; REEREE R, XA (O 4 E e i A2 Bt
T, BT APE RS ERET, R8Tt
WA T 3T 5 S A B A I s A AR ()
KEEA AT 2 M Re i, LA Bz, X,
IR W REE, WIFRT 48T 4%
NI RS TR BCE A )0, R )4 e St
AT IR WK 3T, 1t ] DAUR PR K et K
NPT R G AT I )M T W L3 THFERE, ANRN
NGB TN o BT ) O AR B P 4k 2
b, BT s R A S, I AL ER BRI A S
UAFERAHUCR 3= 5 RS S LT, AR

b DL R 78 4 IR K TR TR R 2
DR R T, W W YIRS T R S A R
6, e an ] DL F v A AT AR A B0 A T 7=
EEVANE 2SS SR RS - W S | D E =i N (E X
BRSSO R, iy L e b I T e
BSEIHAAEI: FRIEARORS S, Hh e
oW, EATERBARME LT, IEWRAER
22 5 TAVAF 5T 10423 (Council for Scientific and Industrial
Research, CSIR)[{HLTEE %K RAY 50 FT45 H
BT TAERIAPRIRFEZ 10000 m—UL iR FE R
FaSE A A G5 ML R B o i T 7. il 14
AR, SR T AT AL (RS S A R AN ], KAk
T BEAE VR E G RN A 5 e R S I, O
HA TR AR H S O WA A, Wi E R
FERESTHRIAE 1987~1995 Jifi T KTB ML, &
IRAE 9101 m (P HBERGSHLEE ik 265 °C, eyl i ik
BT IIAAARIRES, SRR 23 U S AR P ot
I R (R A R S A S R A S A e ik
T DU AR Wtk 7edit. KT — 1R
LRl BRe . AR R0 R 98 A T R UE
o KSR TR o

242 MRPRRE

R BER 2?2 5000 m, 10000 m B{HE JLT



1248

T EA OG5 R R

201746 H

Settling

Production
plant

backfille

‘ Fragm

Producing
stopes

Development
of stopes

i
Pump station

Water basin
foed

veyor belt
‘ Induc

fillag

In situ leaching Mechanized mining Traditional mining

Temperature/‘C

Geotherm

= 30-40 C/km
=3 20-30 C/km
= 10-20 C/km

ion by drilling and blasting

acture by high geostress

damage zone

ed blasting with high geostress

¢ by high hydraulic pressure

ermal recovery

20
4=
EK
_§ “ ® Hydraulic lifting of liquid minerals
X ® Intelligent uhmanned capsule
b= £
= = o =2
[ Miningy of =
&
(=]
B 13 R R BB T RIRBE 7> 2K
Fig. 13 Classification of underground mining models with mining depth
Shear stress/MPa
0 , 40 , 80 Stress
(a) b) [ =~ German continental deep
(b) tar
- ~— drilling programme
TR »— KTP borehole
5 RS
+ Depth 0f 9101 m, 265 C
A TS,
=] yield aor Hot geotherm _ .}
“Byerlee’s Law” ) >
104 sgl‘z]e-fllip reLgime ag;“% 1,0“6
‘ﬁl -
é 15 ’ = Stress alon;
I g
B s “Byerlee’s Law” g Cold geotherm ductile roots
[ i normal regime of major
20.- . fault zones
It had been expected that large mass
Tt Brittle and tectonic pressures would change
25| A Normal nature of rock at depth (so called
@ Strike-slip o Strike-slip metamorphic rock). Quite unexpectedly
m Thrust however rock layers were not solid at
B that depth and instead large amounts of
304 AL [= fluid and gas were met pouring into drillhole.
A = 30-40 ‘C/km
= 20-30 C/km
= 10-20 ‘C/km

B 14 s R A Y

Fig. 14 Geotherm and geostress conditions in deep earth®"!




27455 6

PL I, & FIBEARREITR IR SRR 1249

K2 AT N A A BRI SRR B 5 W A LA 4647

1) 5T ATFRARMIE N, IFZ0 0 f AL, TF
K7 MR AE DR 32 R

2) B BOARBED, WRIREE AWK

3) WL LR AL TR BRI, DL A7y
PERE AL, AZAT I FRORIR, (H Bt R S5 Rl
WRIEIANWTIE R, U RBESAR I BL, sy
REWEITR;

4) BEFE E B IR el i R i, R B R
TR A 30 ] 28542 T B A P U AR (1 )2 <
A SR FRTTR), i i ] SE L A B
WATTR, R AR M AR T EE 050 ) E KA

H|

o

3 ERTERAEXRNT AR
M

R34y T E AR L3RI .
DS [ AR LB T s R g gt . H
RIAERIIT RSB, 2K 2 B R 2 0 F e
THI5 3 IR B IE bl Pl sk el o e
BATTERI BEN I £ ede, Ay — 28 e T3
BB S, N AT R S PR A BT,
FHETE Iy AT e, B TR RS, R
SEARERTH I B F BN & — AT R A,
BIFTHE TSI i, @RMEAEFEE, HRK
o AR AT A, BRSOE TREE K. R
11 AR T AAFAE U AN AL «

1) ARG T, (A AR S T T2y
B, WEEAESETT B P SR THRE I L I

2) $RTHREIA R—E NIRERIT R, 0747 wb (0L
%, N T WAL TFEARSN, WA AT R A2
RS, RIS T RETE L R K R ST
FINARGETH I ORI AR TIOCR, Il 2RI
THE, RBETT BN I WA ST i i 2 AR Bl

3) ARG A SRR m—IENRETTR G, 7 Z A )
PR AN 22 i A EAT KB SR T 4, B REAE SR
HEOK, Wi BER TR Sk K RE R 2 FER T
L2 didg, T TARTH A A R AR B

(IR, e ROHORE AT R ki SR A 1
RIPMBAEAFAR S o 6 TR S TH AN DL da i 2
A2 HETTHENUSIENLE], 2RI, bR,
o M BFT PRI T T35, lnss R K

PeTh WhEEF T BEPLIRTLAE, R EERTI T, bR
SEHEATHT R > KB . )RR PR TR R, JRER
TS KA ) R R A RN A BT ST

3.1 BREHEH

B — BAR THAR BEZ TH B B 5 2 T BRI,
H A7 SRR T BB LA 20 05 2 HUREHRIL 2950 m™) . iR
B TE A RS B R B 1 T b2 R, 4Tk
FH R R JSE 18 0 HL 2 A vl SEPERRAG, DRk — B Tt
— AN IS 2000 m, T YKL 2000~5000 m K A
R, H AT A AN 1L 4K 22 B R F 2 g R
RILRG, ZRGE MR EREIFMZA
PRFHBI BIFVR R )R AT AR T, B
Z AR Al . O S BCE LZEATH s, L
H g kg LR 2 B9 AR TauTona 40 BT ) 3 &)
T R, W 15 Fros. 8 1 gRIERL 67 K,
1951 m, 552 HREIFEIL 102 KF, ¥ 1164 m,
3 BIFRIA 122 7K, K 819 m, fEB I [id i e
W ECE PR AT RS, R TAT AR T
YETFERT G, AR (AR

32 HAXKTIEH

HurdF i ia i /g2 Mot A, Eiskingd
PR HE R R E RS, W,
TIEE, I HA TR A, — S i  RI
HHEATR KIS, LUl R T 2k . 1T
ok, EHIREAR. T, VAESANL A YIRLS i
RERR LT R AR SR R Y RGO
i As M PR, T ZEECARRL, TSR
PR B KA 22 R AR I RE SLE T s, 4 SiCON
NFIWER I E R % RGO 16). ST
=R

1) KRR R A ZE AT A, B 1R i fE
T R RNV, T AR OIS S B (A E) 3 mys LA E)
I ST 5 (AT ik B 36°);

2) RGLMTIR, 5 TP M, sk, PR
17y BRGERERE/D

3) RGN HARN, A RE, RAR/NNES
FAR(NT 6 m);

4) FIHHEA AR SIE AT, al S ik
¥l

A DL R AL ARSCEE A IE I S R S
A AR T I8 A 3T



1250

T EA OG5 R R

201746 H

F3 EASMAIRERY LT R g g

Table 3  Statistics of typical deep mine lifting systems around world!"* !

Mine Mining method Hoisting systems
. Grid mining(5400 t/d) . . .
Mponeng Gold Mine, . . . Twin-shafts system housing two vertical shafts and two
. A mixture of concrete, water, and rock is packed into . o
South Africa service shafts; Ore hoisting
excavated areas
TauTona Gold Mine, Longwall mining A main shaft (2000 m deep) system supported by
South Africa Scattered grid mining secondary and tertiary shafts; Ore hoisting
Savuka Gold Mine, Longwall mining A three-shaft system including the main, secondary
South Africa Sequential grid mining and tertiary shafts; Ore hoisting
A combination of longwall and scattered mining methods-  Eight operating shaft systems which access the VCR
Driefontein Gold Mine, dip-pillar mining with backfilling of the mined-out areas and CLR. Shafts 1, 2, 4 and 5 access the eastern part of
South Africa to facilitate secondary extraction of some 50% of the the mine while shafts 5, 6 and 7 access the west part
remaining pillars —40 m wide pillars with 140m spans Ore hoisting
Kusasalethu Gold Mine, . . o Twin vertical and twin sub-vertical shaft systems
. Sequential grid mining o
South Africa Ore lifting
Moab Khotsong Gold Scattered grid mining with an integrated backfill support = Twin-shafts system

Mine, South Africa

system

Ore hoisting

Conventional drift and bench and low-profile mining

Two shaft systems including the 2995 m deep Twin

South Deep Gold Mine, methods
. . . . shaft complex and the South Shaft complex
South Africa Fully mechanised drift and fill and long-hole stoping .
i . Ore hoisting
Mechanised low-profile mining
Kidd Creek Copper/ From open pit operation to underground production Three shafts

zinc Mine, Canada

Blasthole stoping with cemented backfill(7000 t/d)

Ore hoisting

Great Noligwa Gold
Mine, South Africa

Pillar mining
Scattered pillar mining

Twin shaft system
Ore hoisting

Creighton Nickel Mine,
Canada

From open pit operation to underground production
Shrinkage mining and mechanised undercut-and-fill
mining

Large-diameter blasthole method combined with vertical
retreat mining (3755 t/d)

All ore is hoisted up 9-shaft

Extracted ore is crushed underground

The crushed ore being conveyed to the level loading
pocket at 9-shaft

The mine is now looking at alternatives to trucking this
ore upward along the ramp

Agnico-Eagle’'s LaRonde
Mine, Canada

Longitudinal retreat with cemented rock or paste backfill,
Transverse open stoping with cemented rock backfill,
paste or unconsolidated backfill(7300 t/d)

#3 shaft: single-lift shaft (2250 m); #4 shaft bottoms
out at over 3000 m down; Ore hoisting

Zondereinde mine, South
Africa

Typical drill and blast narrow tabular reef mining
techniques

Mining activities are carried out using hydro-powered
equipment including rock drills and high pressure
waterjets along with electric scraper winches

Twin shaft system; Ore-passes gullies
Battery powered electric locomotives the shafts are
90m apart is provided through a decline that is
equipped with a conveyor belt system

Mount Isa Mines,
Australia

Cut-and-fill in the early 1990s
Now used bench stoping
Paste backfill

An internal shaft (reach to 1900 m)
two rail systems
underground crushing station

Pyhésalmi zinc-copper
Mine, Finland

Conventional sublevel and bench-stoping mining methods
are used at the mine

Main and secondary shafts
Underground crushing station

Kristineberg Mine,

Sweden

Cut-and-fill

mechanised

method with all activities thoroughly

The connection of shafts by rail haulage
Self-driving truck

Hongtoushan Copper
Mine, China

Upward stratified filling method, segmented empty field
method, a small amount of shallow hole retained ore
method, retained ore and sub-mining of the two-step
mining method and then filling the goaf

Secondary shaft lift
Underground mine waste separation, waste rock
backfill mined - out area

Suncun Coal Mine, China

Integrated mechanized longwall mining

Belt transport; Raw coal is transported by belt to
ground; many links, more equipment, more staff
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Fig. 18 Schematic diagram of double pipe hydraulic lifting in deep mining

[87].

1—Surrounding rock; 2—Tunnel; 3—Slurry
pipeline; 4—Check valve; 5—Partition wall; 6—Buffer pulp bin; 7—Bottom hole isolation layer; 8—Hydrostatic pipe; 9—Auxiliary;
10—Hydraulic lifting pipe; 11—Surface pumping station
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Fig. 27 Intelligent unmanned mining in Kaiyang phosphate mine: 1—Ground control center; 2—Roadway system visualization and

design automation; 3—Precise localization of personnel and equipment; 4—Ground pressure Monitoring visualization; 5S—Equipment

automation; 6—Remote control scraper; 7—Underground crushing unmanned; 8—Intelligent filling
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Review and practice of deep mining for solid mineral resources
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Abstract: Based on the current situation of deep resources exploitation at home and abroad and its research achievements,

the division and difference of the deep from industry and academy around the world were summarized in this work. The

definition and the critical depth of deep mining for solid mineral resources and its mining modes were also discussed. Then,

some new strategies and/or alternatives on deep mining for solid mineral resources were proposed for deep hoist &

transportation, and temperature control of deep mining, etc.. Lastly, incorporating with the characteristics of high stress, great

lifting depth and high temperature in deep hard-rock mines, a new strategy and mining mode which can be “convert harm

into benefit” were given for the deep rare, valuable and strategic resources exploitation.
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