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Abstract

This study aims to perform multi-parameter optimization of the mucking efficiency of a tunnel bor-
ing machine (TBM) cutterhead by combining the Discrete Element Method (DEM) and Response Sur-
face Methodology (RSM). A cutterhead with a diameter of 7.83 m was selected as the research object,
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and five key structural and operational parameters—cutterhead penetration rate, rotation speed,
muck chute length, muck chute width, and muck guide plate length—were considered as influencing
factors. Single-factor simulation analyses were first conducted to determine the effective level ranges
of each factor. Based on the Central Composite Design (CCD), a quadratic regression model was then
established to analyze the effects and interactions of these parameters on the mucking efficiency
within 30 seconds. The results reveal significant interactive coupling effects among the parameters,
with cutterhead rotation speed exhibiting the most prominent interactions with the other four varia-
bles. The optimal parameter combination was obtained as follows: penetration rate of 61.5 mm/min,
rotation speed of 7.85 rpm, muck chute length of 810 mm, muck chute width of 688 mm, and muck
guide plate length of 1852 mm. Under these conditions, the model predicted a mucking rate of 65.96%,
which deviated by only 0.57% from the DEM simulation result (66.34%), confirming the reliability of
the proposed optimization method and the accuracy of the regression model.
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Figure 1. Schematic diagram of the TBM slag discharge process
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Figure 3. Cutterhead enclosed by tunnel boundary
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Table 1. Parameter settings of the cutterhead and rock chips
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SHRE AL FPERE E/(GPa) S FE/(10° kgm 3)
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Fepis 0.2 27.9 2.43
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Table 2. DEM simulation contact parameters

% 2. DEM FEEMSELE

S8 HE - R Bl - T4 BUEAKIE 538
PR Hertz-Mindlin (6 %) Hertz-Mindlin (G #2) EDEM Py B 2k e f i 7
R R A 0.50 0.45 AR KIS (13180 Xia Z[9] I S 36 BF 72 45 51
TRBN R R AL 0.05 0.03 2% Zheng 5[4 S K% &
RE FRH 0.35 0.40 WRAE Li 55[7] & Yang 55 [6] (10 B 50 F 45 3
i [A] 5K /s 2.0x10°¢ - T AR B BT
TR B2 /mm 100 - S PRAR [ 1145 BURLA) B 7] 2 B4 45

N T ITE R ST FE RS N R HRE R R, E AR

n=—2 )

N AIEHEER, N oA )RR BRI E E AR R .

DOI: 10.12677/met.2025.146079 763 WU TR 5


https://doi.org/10.12677/met.2025.146079

BRFEAL, XEALE

3.2. WIRIHESCIg

3.2.1. WaRzHHTE AR

i N7 g TS (RSM) & — M I 04 2 A8 & il R G it T, e e ST B2 MR R 23 A i R 2K 5
AR 2 (A 5C & . CCD i1 82925 (Central Composite Design) & # —Ffa] U TP A4 S 56 2 5 1 i o
fH T 5 92 o eI 2 T0 IR BNE 5 R 5 4% DR 2K 5 R AR 2 BT 56 2R RES A RPP A DA 3R I AR PR,
JZ BT TR SE SR . CCD Bt A s AR U5 (8 A L2 RUFROTRINE, 1& & T 2 IR AR s
Ktk

IS B HRESCE RIS K R A A FRIE T, CCD J7ikRens e & B SLIe B & 2 S H0n &
PRI R fmi Bz AR, T S LR E SRR AL, BRI iR i 4 P

WA S W 4 T
AT RO Sk

g

AR T A HFSAT R H
i

Figure 4. Flow chart of the CCD method
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Figure 5. Number of discharged particles for mucking chutes of different lengths
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Figure 6. Number of discharged particles for mucking chutes of different widths
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Figure 7. Number of discharged particles for mucking plates of different lengths
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Figure 8. Variation of discharged particle number with time at different cutterhead rotation speeds
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Figure 9. Variation of mucking rate with time at different cutterhead advance speeds
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Figure 10. Residual analysis of mucking rate
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Table 4. Analysis of variance (ANOVA) table for mucking rate
A HEERBESNE

m Rl H ¥175 % Fd P1A BE M
136.17 20 6.81 4431 0.0044 -
A 1.22 1 1.22 7.96 0.0085 -
B 79.74 1 79.74 518.98 <0.0001
C 8.06 1 8.06 52.43 <0.0001
D 6.13 1 6.13 39.91 <0.0001
E 0.3833 1 0.3833 2.49 0.0251 -
AB 1.6 1 1.6 10.43 0.0031 -
AC 0.5512 1 0.5512 3.59 0.0682
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AD 0.4324 1 0.4324 2.81 0.1042

AE 0.5202 1 0.5202 3.39 0.076

BC 2.12 1 2.12 13.81 0.0009 -
BD 4.8 1 4.8 31.27 <0.0001 -
BE 4.18 1 4.18 27.18 <0.0001 .
CcD 0.0098 1 0.0098 0.0638 0.8024

CE 0.732 1 0.732 4.76 0.0373 -
DE 1.25 1 1.25 8.12 0.008 -
A? 0.0415 1 0.0415 0.2701 0.6072

B2 6.82 1 6.82 44.38 <0.0001 -
c? 0.6935 1 0.6935 451 0.0423 -
D2 0.0275 1 0.0275 0.1791 0.6753

E2 0.254 1 0.254 1.65 0.2087

W7 4.46 29 0.1537 - - -
U5 3.71 22 0.1686 1.58 0.2756
a2 0.7462 7 0.1066 - - -
B T 140.62 49 - - - -
R2

#vE: T2 B3, P<0.05;

Pk, COMHMEMIKEZ. D NHEM IR . EVRERIKE.
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Figure 11. Response surface and contour plots of mucking rate
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Figure 12. Predicted optimal result of the response surface
& 12. mEEHUNRAESR

B 12 prfs, JIRAEEEE Y 61.5 mm/min, JTJHEEFE Y 7.85 rpm. HEREK AN 810 mm., H A
Y 688 mm, VAN 1852 mm B, [RIERIALTN 30 s A HEE 2K 65.96%, XIS
RUFEAT 07 FORTR 15 HH 22 bRl 22 05 66.34%, 5 Filil{E fls 72 0.006%.

NSRS F A PTFEVE I PP R B TS B2, BEE T RIS UESLE )T . RIS A
fih b, X AN T2 B IN£5% 42, AR 10 ANIGHIE ST 05 B UE S B LS AU SERRE AT X L
MM 73 2 5 e S BT AR X 38, FH3E 5 T, P e A A 78 SE B 45 B0 A b T B AR R X 45

DOI: 10.12677/met.2025.146079 773 WU TR 5


https://doi.org/10.12677/met.2025.146079

BRFEAL, XEALE

Table 5. Optimal region verification table
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Table S1. CCD experimental matrix
% S1. CCD LIR%EMF

PAL: R iptiS s JIfEeE HEMEOKE HEMRE AR KE R

RS (mm/min) (rpm) (mm) (mm) (mm) (%)
1 60 8.5 1000 700 1900 65.18
2 60 6.5 800 700 1700 61.7
3 100 6.5 800 700 1900 63.11
4 60 8.5 800 700 1900 65.14
5 60 8.5 800 500 1900 64.09
6 60 6.5 1000 700 1700 60.61
7 100 8.5 800 500 1900 63.61
8 60 6.5 800 500 1900 62.71
9 80 7.5 900 600 1700 64.25
10 60 6.5 1000 500 1900 61.12
11 60 8.5 1000 700 1700 65.36
12 80 7.5 900 600 1800 64.36
13 60 6.5 800 700 1900 63.26
14 80 7.5 900 600 1800 64.01
15 80 7.5 900 500 1800 63.65
16 100 6.5 800 500 1900 62.04
17 100 6.5 1000 700 1900 60.93
18 100 85 1000 500 1700 63.72
19 60 8.5 1000 500 1900 62.57

20 60 8.5 1000 500 1700 64.6

21 80 7.5 900 600 1800 64.3

22 80 75 800 600 1800 65.82
23 100 8.5 1000 500 1900 62.87
24 100 8.5 800 700 1900 65.88
25 60 7.5 900 600 1800 64.63
26 100 8.5 1000 700 1700 65.31
27 60 6.5 1000 700 1900 61.41
28 100 6.5 1000 700 1700 59.71
29 100 7.5 900 600 1800 64.42
30 80 7.5 900 600 1800 64.74
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31 80 8.5 900 600 1800 64.39
32 100 8.5 800 700 1700 65.55
33 80 7.5 900 600 1800 64.74
34 100 6.5 800 700 1700 61.22
35 80 7.5 900 600 1800 64.93
36 100 6.5 800 500 1700 61.19
37 100 8.5 1000 700 1900 64.9
38 100 8.5 800 500 1700 64.53
39 100 6.5 1000 500 1700 59.15
40 80 7.5 900 600 1900 63.9
41 60 6.5 800 500 1700 62.28
42 80 6.5 900 600 1800 61.08
43 60 8.5 800 700 1700 65.21
44 80 7.5 1000 600 1800 64.03
45 80 7.5 900 700 1800 64.93
46 100 6.5 1000 500 1900 61.06
47 80 7.5 900 600 1800 64.11
48 60 6.5 1000 500 1700 62.02
49 80 7.5 900 600 1800 64.36
50 60 8.5 800 500 1700 63.76
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