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Study on the Mechanical Properties and Safety of Copper Slag Wet-Mix Shotcrete
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Abstract: To promote the resource utilization of industrial solid waste and the sustainable development of green wet-mix
shotcrete, cement clinker-free solid-waste-based wet-mix shotcrete was prepared using steel slag, slag, and desulfurization
gypsum as cementitious materials, and copper slag and waste rock as aggregates. Furthermore, raw material property analysis,
mix proportion optimization, mechanical property testing, microscopic mechanism investigation, and on-site industrial tests
were systematically conducted. The results indicate that the mechanical properties of the solid-waste-based wet-mix shotcrete
with optimal mix proportions (specimens No.5 and No.9) are superior to those of the cement-based wet-mix shotcrete. The
7-day compressive strength of specimen No.9 reaches 16.31 MPa., and its 56-day compressive strength exceeds 28 MPa. Its
workability is comparable to that of the cement-based wet-mix shotcrete, and the slump and slump flow meet the requirements
of wet spraying operations. The solid-waste-based wet-mix shotcrete exhibits a remarkable solidification effect on heavy metals.
It reduces the leaching concentrations of excessive heavy metals Pb and Cd in the copper slag to below the Class [ water
quality standard for groundwater, demonstrating excellent environmental safety. Microscopic analysis results indicate that the

solid-waste-based wet-mix shotcrete is rich in hydration products and exhibits a high degree of polymerization of the silicate gel.
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On-site tests verify the feasibility of engineering application for the copper slag wet-mix shotcrete. Although issues such as

incomplete material discharge exist, they can be improved through process optimization. This provides an effective path for the

harmless disposal and resource utilization of solid wastes such as copper slag, possessing environmental, economic, and social values.
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Table 1 Main chemical composition of copper slag %

Si0; CaO Fe; O3 Al O3 Na, O MgO KO

29.38 2.95 52.23 4.82 1.15 1.01 1.02
Cl SO3 P, 0; ZnO PbO SrO MnO
0.05 0.35 0.11 3.55 1.21 0.02 0.08

Cr; 03 CuO NiO BaO Rb:O  Asy 04

0.06 0.32 0.03 0.06 0.01 0.67

R FH HL GRS 5 55 B9 1 I R 3 O % s (TCP-
OES) 73 # 1 JsURk v i 1 465 Ja ¥ 11 Wk B8 4 s 10 o 4
BTSRRI R 2, MR 2 AT AL BE R Pb 5
Cd 7K e B 247 3 Ak K SB35l Ohy 288.56
pg/L 5 12.92 pg/L, BA R X,

2 FAENELETREN

Table 2 Heavy metal pollution characteristics of copper slag

KR R K R HUR 24 ORI
HER e g/ brif/ K B bR/ IK bR i/
(ug/L) (pg/L) (pg/L) (pg/L)
Ph 288.56 10 10 5
Zn 519.62 1000 1000 500
Cu 197.75 1 000 1 000 50
cd 12.92 5 5 1
Cr 10.95 50 50 10
Ni 17.93 20 20 2
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Table 4 Particle size screening results of other aggregates
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Table 3 Physical properties of other aggregates

Rk 75 3

R ) ()EAHM ( ﬁ/%: ) e ( f;%n/? )

T RD 2.47 2 380.92 2.657 8 2 492.51

o B D 2.26 2 658.08 2.520 1 2 456.85
A 3.48 2 380.92 2.481 2 2 380.92

FEALA /mm R/ Y BRER AR/ 0 RO SR/ %
9.50 1.13 3.92 13.25
4.75 17.53 15.33 57.62
2.36 19.35 20.48 14.43
1.18 19.05 13.97 4.42
0.60 24.92 23.91 3.73
0.30 8.84 12.49 1.63
0.15 4.81 5.92 1.64
0.08 2.16 2.29 1.29
<<0.08 2.21 1.69 1.99

HAtg Bt R AR i e 25 R W 4. & 47T
S TR e B D R AR 4 A AE AL, G 2,36~
4.75 mm RLARYE B N B & b e 193540 5
20.48 % AHJE A1 R AR B AL 4.75~9.50 mm 5K
F9.50 mm RiAEE N Y B i E A B 57.62%
5 13.25% , A3 5 ot FH LAl B BHRL A2 #E 0.30 mm

FoftE R AR WK 5, RS ]
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Table 5 Main chemical composition of other aggregates %
=g SiO; CaO Fe, O3 Al O3 Na, O MgO K, O Cl SO; P,0; MnO
%A 48.14 7.86 11.58 8.57 0.87 19.33 1.28 0.26 0.34 0.17 0.19
baR 68.61 11.23 2.77 8.33 1.47 3.36 3.24 0.04 0.10 0.24 0.12

BB 72.42 5.43 3.56 9.68 2.76 1.65 2.92 0.19 0.51 0.22 0.14

1.1.2 JesEpt

W VA A A &I 40 C R
28925 = FUSLER B LI B I VR S8 A1 . K U A
B M, R EE AR A2 A WL 6.
6 AL I BT BT SiO, .CaO 1 AL O, Y
MR 82% ., Mk M /A SiO. . CaO,
Fe, O, il MgO, S & i 29K 86 %0, JBi i A1 8 19 £ 2

AR CaO 5 SO, , S & w2k 88%0 . W i s 7
2K _ W(CaO+MgO+ALO,) _ 61.46
= W (SiO, +MnO+TiO,)  29.17
L2, A & WENRE R M, =
W(CaO+MgO) _ 48.38
W(SiO, +ALO,)  27.72
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Table 6 Main chemical composition of cementitious materials %
iz B A SiO; CaO Fe; 04 Al O3 Na; O MgO K,O SO; P, 05 MnO
i 28.52 40.52 2.54 13.08 0.54 7.86 0.39 1.68 0.06 0.65
it 21.00 37.98 18.93 6.72 0.22 8.38 0.21 0.72 1.63 3.01
e =1 4.87 47.84 0.80 1.27 2.19 0.35 40.22 0.03 0.05
7K e 25.49 53.37 4.68 8.84 .58 2.32 1.01 2.67 0.10 0.08
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Table 7 Raw material ratio of solid waste-based wet-mix shotcrete and cement-based wet-mix shotcrete
R IF J5 S J A )/ (keg/ ) K/ B/ (kg/m®) N XK/ Wk, REEARL
G R i A% fmE (ke/m®) Wik HBEER kA et (kg/m?*) % m?3
1 323 92 45 — — 1 270.05 — 317.53 0.7 322 1.5 0.007 8
2 277 138 45 — — 1 270.05 — 317.53 1.1 506 1.5 0.007 8
3 183 183 94 793.78 476.27 317.53 0.7 322 1.5 0.007 8
4 183 183 94 — — 793.78 476.27 317.53 0.5 230 1.5 0.007 8
5 183 183 94 — — 952.55 381.01 254.02 0.6 276 1.8 0.007 8
6 323 92 45 952.55 381.01 254.02 0.6 276 1.8 0.007 8
7 277 138 45 — — 952.55 381.01 254.02 0.6 276 1.8 0.007 8
8 138 230 92 — — 952.55 381.01 254.02 0.6 276 1.8 0.007 8
9 175 175 87 23 — 952.55 381.01 254.02 0.6 276 1.8 0.007 8
S1 460 1 270.00 317.58 0.7 322 1.0 0.007 8
S2 — — — — 460 1 270.00 317.58 — 0.7 322 1.5 0.007 8

1.2.2 &

T IR A A AR AR S ORI T L
PR G IR A 5T A B A WK R Y 7K 3 et
WoFEA 70 mmX 70 mm X 70 mm B E R 3 A
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1 EEEEGRREIMERENLER
Fig.1 Test results of compressive strength of

solid waste-based wet-mix shotcrete

2 FHIINEEEZHEERLKERR
Fig.2 Photographs of solid waste-based wet-mix

shotcrete samples cured for 3 d
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Fig.3 Test results of compressive strength of

cement-based wet-mix shotcrete

2.1.2 ¥R SYHEE SN

AN TR C B M TR E i B R B 5 I B D
RWFR 8, B AN 0.007 8 m® BYIEHL T .1
SR TS B S YR R R OR, Tk
J& . TAEPERBR 22 . 31X A BB A& ol T 4 9 RL R 80/, A
AR KA S BORME B 5 2 5l K R e
KALD,3 Sl g & D, ZH R,
JEBE S Y& BE i KL R AN B R TAREPERE 5
559 Sl FERHHE BE 4308 240 mm 5 230 mm,
P IRE /514 50 mm X 50 mm 5 48 mm X 43 mm,
PR 5K ST (P BE 230 mm, 7 JE B 50
mm X 55 mm) il S2 FE (FHE B 230 mm, ¥R
50 mm X 55 mm) A MR S5 TAEM:GE , e 08 i 2
W Rl Y 225K

®8 EHIREIMTRESRAEENKER
Table 8 Test results of expansion and

slump of wet-mix shotcrete

wik ik Y& ¥R

Vi
B w0 ws wEy R 1/
i 5 (kg/m?®) o p
0 m mim mm
1 0.7 322 1.5 0.007 8 — —
2 1.1 506 1.5 0.007 8 >>30 >80
3 0.7 322 1.5 0.007 8 >30 >80
4 0.5 230 1.5 0.007 8 290 =80
5 0.6 276 1.8 0.007 8 240 50X 50
6 0.6 276 1.8 0.007 8 250 50X 55
7 0.6 276 1.8 0.007 8 290 80X 80
8 0.6 276 1.8 0.007 8 290 80X 80
9 0.6 276 1.8 0.007 8 230 48X 43
S1 0.7 322 1.0 0.007 8 230 50X 55
S2 0.7 322 1.5 0.007 8 230 50X 55
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AN TR C B M TR BE 1 T 4 JE R D D
Rk 9 fron, MHECH T K B&EFR ) (GB/T
14848—2017) , 4 & J5L kL b Pb. Cd B2 ) ¥k &
P o T 28 3 11 2 56 30 WS YR 66 1 1 Ak U o IR s vk i 3
9 BEAR AR T b F K I 2K B Am i AR F o T
IKIZEK B b5 P Cd R MR B R 1 pg/L,
KPR IR % + o Cd 12 1 W B A bR L H 58 R
1E 2.460~3.604 pg/L, i T [ 2 1 W VR 5 + 5 B
K UEEE R R EE L Pb ARk 2R R
K bR fE (10 pg/L) A EE &R Pb 1R X
W o 3 W[ 5 1 W L 956 - %o o 4 Y [T A g
T8 A T /K 8 S 1 IS VR R L R A AIHE o A i D
4 JE R, UE W] T AR i T W R R b 0 PR R
E

x99 EEERIMELERHREMNKLER

Table 9  Test results of heavy metal leaching

concentrations of wet-mix shotcrete pg/L
GBS ETReS Cr Cu Zn Cd Pb
i — 10.96  197.80 519.69 12.95 288.64

S17d  12.453 38.132 <0.000  2.460 52.637
LSS YR 11.853  32.533 <C0.000  3.604 55.359

{éf‘(;%mj: S1-28 d 8.148 70.644 <<0.000  2.636 237.159
S2-28 d 9.398 39.720 <C0.000  3.164 183.362
I 2.064 <0.000 <<0.000  0.175  0.248
6-3 d 1329 0.725 <C0.000  0.078  0.863
73d 2.025 <00.000 <<0.000  0.160  0.283
83 d 7.280 22.909 <C0.000  0.153  1.488
93 d 9.319  2.248 <C0.000  0.285 <<0.000
57 d 1.654 <0.000 <<0.000  0.106 <<0.000
6-7 d 0.636 <C0.000 <C0.000  0.082 <<0.000
7-7 d 6.120 <C0.000 <<0.000 0.156 <C0.000
87 d 13.510  3.593 <<0.000  0.324  0.700
MR 974 5.573  3.525 <C0.000  0.247  0.213
L
Wk 5284 3189 1.804 <00.000  0.518  1.429
6-28 d 1.697 <C0.000 <<0.000 0.077 <<0.000
728 d 2.279 <00.000 <<0.000  0.213 <C0.000
8-28 d 3.226 <00.000 <<0.000  0.227 <<0.000
9-28 d 1783 0.267 <<0.000  0.548 <<0.000
5-56 d 5.870  8.661 <C0.000  0.131  0.775
6-56 d 0.130 <C0.000 <C0.000  0.051  0.045
756 d 1274 0.292 <00.000  0.201 <<0.000
8-56 d 6.948  5.101 <C0.000  0.578 <<0.000
9-56 d 3.427  1.555 <00.000  0.408 <<0.000
KR 50 1000 1000 5 10
b i
gg ﬁi;gﬁi 50 1000 1000 5 10
iﬁ;g?’é 10 50 500 1 5
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Fig.4 XRD analysis results of wet-mix shotcrete
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samples at different curing ages
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samples at different curing ages
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Table 10 Field industrial test schemes of copper slag wet-mix shotcrete
N # KB/ . N K/ i/ g/ ML/
3 i 254 . ) A Al ; N . :
BB BESE  g/m) AR WA (kg/m®) (kg/m?) (kg/m®)
C15 410 1.00 410 1636 4.9
i+ 7k e C20 450 0.84 375 1716 5.4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, C25 8O OST BB NS
C15 410 1.00 410 1229 307 4.9
A+ SRR C20 450 0.84 1: 375 1290 322 5.4
C25 480 0.67 325 1 385 346 5.9

3.3 i

R AR S R
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FEH R G A S PR PrkL O Rk AR BE L
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RGN BR 22 (8 LA 5E AN TE H U7 SR 5K

Ykl A, %R 2 2R 8 PR bt AT Tl i 5
A T8 M YRR R Ao A L TG T T N I TR 1 T
BOR . L 255 I L PR 00 R C L Y K R 2
120 kg/m® , B SEBRAK K LG A 0.25 , 4 i I 3 TR €
B 52 bR Tl i 56 J7 58 5 78 T WA PR b C25
SR R B b LR 11

F11 AEEEHBEITMFEFEINRE AR

Table 11  Actual field industrial test schemes of copper slag wet-mix shotcrete
. K/ K/ i s / T4/ MALF/
S 4 ) )
BETR BESR (kg/m®) AR (kg/m®) (kg/m®) (ke/m®) (kg/m*)
i+ T 25 480 0.25 120 1474 346 5.9
Wb+ A C25 370 0.56 210 1065 560 5.0

(3) R 5 FY ) 58 BT & B W 1 VR 6 4 Rk K
HI RO G v A S8 U S B — 2 TR
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Fig.7 Photograph of wet-mix shotcrete samples
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Table 12 Wet-mix shotcrete ratio
K/ K/ il s/ gAh/ b/ MALF/
=) sz g
®5  BESA (kg/m®) AR H (kg/m*) (kg/m®) (kg/m*) (keg/m®) (kg/m®)
X C25 480 0.25 120 1474 346 — 5.9
Y C25 370 0.56 210 — 560 1 065 5.0
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Fig.8 Supporting effect of wet-mix for S62 drift in 7th Row
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Fig.9 Supporting effect of wet-mix for E24 pillar in Sth Row
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