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Table 5 The expression of spline basis functions in MARS model

BF1=max(0,GSI-6.483) BF9=max(0,90-H) BF17=max(0,D,-12.5)
BF2=max(0,6.483-GSI) BF10=BF8xmax(0,D,~12.5) BFI18=max(0,12.5D,)
BF3=BFIxmax(0,H-250) BF11=BF8xmax(0,m,~5.0975) BF19 = BF18xmax(0,12.802-GSI)
BF4=BF1xmax(0,250-H) BF12=BF8xmax(0,5.0975-m, ) BF20=BF18xmax(0,H-230)
BF5=max(0,0,-3.6473) BF13 =BF9xmax(0,m,~6.2843) BF21 = BF18xmax(0,230-H)
BF6=max(0,3.6473-0,) BF14=BF9xmax(0,6.2843-m,) BF22=BF17xmax (0, H-330)
BF7=BF1xmax(0,D,-12.5) BF15=BF6xmax(0,D,-12.5) BF23=BF17xmax(0,330—H)
BF8=max(0,H-90) BF16=BFéxmax(0,12.5-D,)) BF24 = BF17xmax(0,7.2022-GSI)

Bl 4 o T RAAZ(13) X UIZRAE RIS rh8CE A 7 B0 i 25 3 50 he , i e K5 R 05
ML 2% RMSE 2% 2% MAE; Hir R? #4255 T 1, RMSE I MAE /)y, 13 BRI A F 000 M4 b 4. DA ] v ]
DVEF, ot R I SR 2 A , K28 00 Bs S8 75 78 BARE R £10% 0 N, A 80 1Y sidg 7E iR
ZELRAD XA W] RE R AR BRI i AR 253 B UL, i MARS Bk Tkt Fo R ACEA R

GF R TR RE.
7r . 6
@ iIZHE o @ kA o
6 —— XLk 7 e 5L —— AL RV
LT IRZELR (£10%) L A - - - REL(£10%) ROV o
, 7 v ‘ 4| L . L ‘
& o4r - L & @
= o3t y” = P
& - < o 4
S 2f s
R*=0.9973 R=0.9967
L RMSE=0.0682 Ir RMSE=0.0699
MAE=0.0476 MAE=0.0496
of or
G0 1 2 3 4 s 7 G0 1 2 3 4 s s
AT ARG B SN RS B F
() gtk (b) JiksE
Bl 4 fEbTe S MARS U Fy 0 HAe
Fig.4 Comparison between analytical solution and F predicted by MARS
00 K5 7R 14728 hE AR B AR B s, 3R
1o FEAN AR F S R A BURERR 6T MARS B AR 25 R
wl AR AR B A BRI GOV R PRAS A X 8 B 45 R %
= B BE3E LT S 5B AR VHE) M E FA R A &S5
;%( 60 (o, m, F GSI) BERES WA T A T ARG 2 P L v | o T 4 I
" i 5 4 B P A7 T BB, FEUCR BESE 1 B, 3T
= 4r Sasal ERAR TS HL, M BTRETRAR GSI Y52 e K.
wl HT B IREFTIF % 1) MARS BB 7155 4 A8
12.899 N - § ep N
W %32 Fg 75 TR A 1, SR AR BT A 64 D k| 25 18 2 B8] 0 AH O
o Wzl 27 V7l Vo UL e RRT 1A HE B 2 AN 73 R 9

Bl 5 A7 ARG B B 1R 5

Fig.5 Relative importance index of each variable

L F R R S5 R TR AN 6 s, R £
{HHBAE MARS BRI T 45 B 19 +10% 1% 22 N, R* = 0.9703 it
A IZ AR Y HUAS T R A ) T S R



No.2

R A BT MARS g T8 T4 22 4 2R 50l 2 sKH i e

533

WA, Sy S A A 2 2 ] S, SR B DR R 3 ) B R 2 E A T 0 B BB T A KO 4 031m, T TP
BRI, MIE AR % H 2 U R T 450, 0 BA R Z Arfe NI 208+ 48 A AU Z SERR iR R e

b AR VMRIRER o F Ve BUA bR S, TR R AT

7

VR AR I WUBE L S B R I B A K76 | @ s
+339 WFATIEFE AR BT, VAT 5 1, 0 A G 4

5

PUESBEE o, =4.9MPa, Hoek-Brown # %X m, = 6.2 , 1 558 & .
Bhn GSI=15.5, BIAS9E TV 9, BRI HA N 13m, 31
29 19.67m (FHE N 20m ) -4 51157 FH R 2 1 B 0 2 ¢

MARS Tl Fg
w
T

FIEAT BT AR AT X O3 B A SO T = 2F R0
VETH 2242 22 K0 0.8380, A fif A i 54 B4 11345 21 iy T4 i MAE=0.1901
A R B 0.8594, ZHHYIRZEN 2.5%  FEATHEAZ I o

WL TSR T, 72 S T TS 00T i AR 1) T A T A R
TAFREME, MBI RN T 3 Akt dmge 0 T e ]

E T AR AR S e 1 P S5 9 iy B m] WL, A Y
P2 SO B it T BA — € 995 A .

TEVT SR TT L, R M A 0 22 4 280 F g P08 2%
73 LB TS (B 6) ,AUT 0.04s BIRTZS HH 43045 R SR1ARFH Man 452 @7 PR AR T HEA 5113, A —
P DL 2 40 ~50s. UL, 34T MARS S0ETT e 1022 42 80 F g P00 2 3XCA e g 28 A0 T 22 4 28 B Tl 7 T
HA — 2 WER AT Al 508 I HRAA R S AT SRR A B T b, m] LA AR g BB 3l AT 1 4 IR
F4 4 iy T HL

4 4ig

K6 9 R e Y 4 e

Fig.6 Extended database validation

R MARS S fe by e Bl A 1 2 4 R 0 i 2 2, AR SR b 8 A Ak A ik 2 1 ) K508 i
TIHEAGHA TR BT 45

(1) MARS AT HHi #2400 A5 i AR St 2 (] S AR I AR Lt 06 2R S AR ) S A, L9y ELHe 4 H A A
IR AT G 1 5 $ X i A5 %00 ) =2 1] A9 9 7 R AOG AR AT (B N 22 U A 1 BB 5

(2) ST PRI T AR 11 4 2 BT 4 S RAT R R i M A P e a2 20 A ) B B0 (T
FEHEA B A R REF LSRN AR ) SB35 6 it T BRI 1A 02, X B3 )48 B At T ] Bt —
(9 A T b T4 R R T R R - PP AN B i R R AR T R S %

(3) TIRAEHRI AT TSRS T BRIE LA RO (B TE AR A X ik T8 T AR IR Pk (52 e 22K T
ARSI BRI BOCH B A R S RO MR AR AR GST XA E TR i K A %
S VRSB SR AT TSR A T FORT L ;

(4) A2k 818 A A B 32T o, 5 m, GSI 5 o, AR REUM N p,, , =0.285 F
P, cs=0.446 TEBUGBAR G BT DL T , R DA A A7 B ST SR o, | RIVATSE o Bt 2 23 T BE3E TAF:
TEI PR 2 4 2R 880, RO 1 B 2 >y S T

(5) BUIRRH MARS F 08 I 3 A% TR 1 Ay DR T 1 — i 9 253, {E: MARS B3 e b 2 g
ARSI AT il 2 52 BN AR I GOGERY L 5 SRR AT ZR B it , OO S Bt e . R L, M A S il &2
I, e 20K MARS Sk 5 Hfb T A £, DT B /o5 200, 5 Bt Ay A Tt 2 X

& % X o

R, A DI 2RI A L0 B 3 5 LR A ) S MR R B 5 S FH [ ] R RS TR R 22441, 2013, 21 (1) 1 147-158

Li Shucai, Shi Shaoshuai, Li Liping, et al. Attribute recognition model and its application of mountain tunnel collapse risk assessment[ J ].Journal of
Basic Science and Engineering,2013,21(1) :147-158

TIREL FEARH R TSR ,  LL BRI R 2 RO B B SRR GE VST [ 1) IR R 5 AR 2241, 2021,29(5) < 1171-1185

Wang Shuhong, Dong Furui,Zhu Baogiang, et al. Parameters intelligent inversion and stability analysis of surrounding rock of mountain tunnel[ J].

Journal of Basic Science and Engineering,2021,29(5) :1171-1185



534 IO FH A 55 T AR 224 Vol.33

(3] % 5%, A8 2,55 bRl 58 B BUE 4098 58 DR R TR U0 It 1518 5 A B R AT T [0 ] 0 T L At 5 TR B2 22 41, 2019, 27 (6)
1345-1356
Huang Zhen, Li Shijie, Zhao Kui, et al. Liquid-solid coupling model test to investigate seepage failure mechanism of intact confining rocks of
tunnels[ J ].Journal of Basic Science and Engineering,2019,27(6) ;:1345-1356

(4] BT H/NL, e, A5 AN TR 4 0 B2 T W AR 90 B8 25 1 TR SR i 1 L BR e e [0 ]. P R 2 i ( SRR 1) , 2015,46 (6) -
2267-2273
Yang Zihan, Yang Xiaoli,Zhang Jiahua, et al. Upper bound analysis of collapsing area of tunnel face in broken soft rocks under different saturations
[J].Journal of Central South University (Science and Technology) ,2015,46(6) :2267-2273

(5] B 2R i, 550808 0 0B Rk REGE 4 3 I ASE PERYRE MR [T ] AR A4l ( B SRR RR) ,2019,50(5) :1221-1228
Huang Kan, An Yonglin, Yue Jian, et al.Influence of seepage force on tunnel face stability by new Austria tunneling method[ J].Journal of Central
South University (Science and Technology) ,2019,50(5) :1221-1228

[ 6] /ML, AR AL T R HE R FUA T R AT [ 1] PR R 240 A SARL#AAR,2010,41 (1) :299-302

[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

Yang Xiaoli, Wang Zuowei. Limit analysis of earth pressure on shallow tunnel using nonlinear failure criterion [ J]. Journal of Central South
University ( Science and Technology) ,2010,41( 1) :299-302

A BORAEL, 7 W, 55 A S o T 0 3 10 = Ak 3 R B RE A BTl Iy [ 1], 5677 1% 5 TR #2016, 35
(4):743-752

Li Dejian,Zhao Lianheng, Yang Feng, et al. Three-dimensional stability analysis of passive failure on shallow tunnel face based on the nonlinear
failure criterion[ J].Chinese Journal of Rock Mechanics and Engineering,2016,35(4) ;743-752

ik #F L 0 ,X E SE RBUE BRI T T PR R SR SR AT [ )] 8 £ TR, 2014,36(7) £ 1344-1349

Zhang Jian, Yang Feng, Liu Zhi, et al.Three-dimensional limit analysis of blow-out failure modes of shallow shield tunnels[ J].Chinese Journal of
Geotechnical Engineering,2014,36(7) :1344-1349

Zhang Z L, Yang X L. Unified solution of safety factors for three-dimensional compound slopes considering local and global instability [ J].
Computers and Geotechnics,2023 155105227

Huang M,Zhan J W.Face stability assessment for underwater tunneling across a fault zone[ J].Journal of Performance of Constructed Facilities,
2019,33(3) :04019034

Zhang Xiao, Wang Mingnian, Li Jiawang, et al.Safety factor analysis of a tunnel face with an unsupported span in cohesive-frictional soils[ J].
Computers and Geotechnics,2020,117.:103221

Ukritchon Boonchai, Yingchaloenkitkhajorn Kongkit, Keawsawasvong Suraparb. Three-dimensional undrained tunnel face stability in clay with a
linearly increasing shear strength with depth[ J].Computers and Geotechnics,2017,88 :146-151

Long Ying Ying, Tan Yong.Soil arching due to leaking of tunnel buried in water-rich sand[ J ].Tunnelling and Underground Space Technology,
2020,95:103158

Zhang Z L,Li W,Hou C T,et al.Required strength of geosynthetic-reinforced soil structures subjected to varying water levels using numeric-based
kinematic analysis[ J].Geotextiles and Geomembranes,2023,51(1) ;1-15

Weng Xiaolin, Sun Yufeng, Yan Binhua, et al.Centrifuge testing and numerical modeling of tunnel face stability considering longitudinal slope angle
and steady state seepage in soft clay[ J].Tunnelling and Underground Space Technology,2020,101(2) ;103406

Chen Renpeng, Yin Xinsheng, Tang Lvjun, et al.Centrifugal model tests on face failure of earth pressure balance shield induced by steady state
seepage in saturated sandy silt ground[ J].Tunnelling and Underground Space Technology,2018,81:315-325

BV, 290405 SR, SR B AR T = A E M RS THZ T RS R I [ 1] A TR 244, 2013,35(S1) :108-112

Lii Xilin, Li Fengdi, Huang Maosong, et al.3D limit support pressure solution for shield tunnel face subjected to seepage[ J].Chinese Journal of
Geotechnical Engineering,2013,35(S1) :108-112

Zhang Zhihua,Xu Wensheng,Nie Wenting, et al. DEM and theoretical analyses of the face stability of shallow shield cross-river tunnels in silty fine
sand[ J].Computers and Geotechnics,2020,130:103905

SRLLZE SRR, 40, 45, b R /KD 2= BB 0 1 I S AR RSB ST A [ ] B R R TR 2741 , 2023 ,43(6) : 1454-1462
Zhang Hongjun, Zhang Taiping, Wang Kuifeng, et al. Numerical experimental study on deformation characteristics of metro tunnel excavation
surface with overlying water-rich sand layer[ J ].Journal of Disaster Prevention and Mitigation Engineering,2023,43(6) :1454-1462

Di Qiguang, Li Pengfei, Zhang Mingju, et al. Influence of relative density on deformation and failure characteristics induced by tunnel face
instability in sandy cobble strata[ J].Engineering Failure Analysis,2022,141 ;106641

FENLHT, T AT M, A D O 2 R B A TR MR T[] R R AR (A ARBLE R ,2023,51(9) :1362-1371

Wang Lixin, Hu Ruiging, Ren Chao, et al.Study on face stability of shield tunnel in sandy cobble stratum[ J].Journal of Tongji University ( Natural
Science ) ,2023,51(9) :1362-1371

AP MESMR 2 65 S8 SE TS Bk Y HbRR R T BRI 5 7 i s AR e e B FRAMT L] BURBR IR, 2022,59(S1) :251-257

Lu Cunjin,Fu Helin, Li Jie, et al. Upper bound analysis of dynamic stability of tunnel face under earthquake based on pesudo dynamic method[ J].
Moden Tunnelling Technology,2022,59(S1) :251-257

TE 5L AHES AR, B, A B T TR A MR P T Wl 2 T s e 1 L BRI [0 ]k R 5 577 4, 2023,43(2) :95-101

Wang Hong, Fu Helin, Wang Chengyang, et al. Upper limit analysis on dynamic stability of tunnel face under earthquake based on quasi-static
method|[ J ].Mining Research and Development,2023,43(2) ;95-101

B A E I G LA K M Z K A T AZ TR BRI I AFE [ T] . P g K2 ( H SRR ,2016,47(9) :3133-3139
Cao Chengyong, Shi Chenghua, Lei Mingfeng, et al. Limit support pressure for excavation face of shallow slurry shield-driven tunnel in water
permeable strata[ J].Journal of Central South University ( Science and Technology) ,2016,47(9) :3133-3139

Li T Z,Yang X L.New approach for face stability assessment of tunnels driven in nonuniform soils[ J].Computers and Geotechnics,2020,121.103412
Hou Chuantan,Zhong Junhao, Yang Xiaoli.Three-dimensional stability assessments of a non-circular tunnel face reinforced by bolts under seepage
flow conditions[ J].Tunnelling and Underground Space Technology,2023,131;104831



No.2 WAL HE T MARS ROBEIS T FETH% % FRCHIN A S 2P 535
[27] Man Jianhong, Huang Hongwei, Ai Zhiyong, et al. Stability of complex rock tunnel face under seepage flow conditions using a novel equivalent

[28]

[29]

[40]
[41]
[42]
[43]

[44]
[45]

[46]

[47]
[48]

[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]

analytical model[ J].International Journal of Rock Me chanics and Mining Sciences,2023,170 105427

Man Jianhong,Zhou Mingliang, Zhang Dongming, et al.Face stability analysis of circular tunnels in layered rock masses using the upper bound
theorem[ J ] .Journal of Rock Mechanics and Geotechnical Engineering,2022,14(6) :1836-1871

Man Jianhong, Huang Hongwei, Ai Zhiyong, et al. Analytical model for tunnel face stability in longitudinally inclined layered rock masses with weak
interlayer[ J].Computers and Geotechnics,2022,143 104608

Keawsawasvong Suraparb , Ukritchon Boonchai.Design equation for stability of shallow unlined circular tunnels in Hoek-Brown rock masses[ J].
Bulletin of Engineering Geology and the Environment,2020,79(8) :4167-4190

Wilson Daniel W, Abbo Andrew J,Sloan Scott W, et al. Undrained stability of a square tunnel where the shear strength increases linearly with depth
[J].Computers and Geotechnics,2013,49.314-325

Yamamoto Kentaro,Lyamin Andrei V, Wilson Daniel W, et al.Stability of a circular tunnel in cohesive-frictional soil subjected to surcharge loading
[J].Computers and Geotechnics,2011,38(4) ;:504-514

Kung Gordon T, Juang C Hsein, Hsiao Evan C, et al.Simplified model for wall deflection and ground-surface settlement caused by braced excavation
in clays[ J].Journal of Geotechnical and Geoenvironmental Engineering,2007,133(6) :731-747

Zhang Zilong,Pan Qiujing, Yang Zihan, et al. Physics-informed deep learning method for predicting tunnelling-induced ground deformations[ J].
Acta Geotechnica,2023,18(9) :4957-4972

Pan Qiujing, Leung Yafai, Hsu Shuchien.Stochastic seismic slope stability assessment using polynomial chaos expansions combined with relevance
vector machine[ J ].Geoscience Frontiers,2021,12( 1) :405-414

Friedman J H.Multivariate adaptive regression splines[ J].The Annals of Statistics,1991,19(1) ;1-67

Zhang Wengang, Zhang Runhong, Wang Wei, et al. A Multivariate adaptive regression splines model for determining horizontal wall deflection
envelope for braced excavations in clays[ J].Tunnelling and Underground Space Technology,2019,84:461-471

Zhang Wengang, Zhang Runhong, Goh Anthony T C.Multivariate adaptive regression splines approach to estimate lateral wall deflection profiles
caused by braced excavations in clays[ J].Geotechnical and Geological Engineering,2018,36(2) :1349-1363

Lai Fengwen,Chen Fuquan,Liu Songyu, et al.Undrained stability of pit-in-pit braced excavations under hydraulic uplift[ J].Underground Space,
2022,7(6) :1139-1155

Zheng Gang, He Xiaopei, Zhou Haizuo, et al.Prediction of the tunnel displacement induced by laterally adjacent excavations using multivariate
adaptive regression splines[ J ].Acta Geotechnica,2020,15(8) ;2227-2237

Hoek Evert, Brown Edwin T.Empirical strength criterion for rock masses[ J].Journal of the Geotechnical Engineering Division, 1980,106(9) :
1013-1035

Hoek E,Brown E T.The Hoek-Brown failure criterion and GSI-2018 edition[ J].Journal of Rock Mechanics and Geotechnical Engineering,2019,
11(3) :445-463

Hoek E, Carranza Torres C, Corkum B.Hoek-Brown failure criterion-2002 Edition[ C].Proceedings of the 5th North American Rock Mechanics
Symposium and the 17th Tunnelling Association of Canada Conference,2002

Hoek E,Brown E T.Practical estimates of rock mass strength[ J].Int J] Rock Mech Min,1997,34(8) :1165-1186

Ching Jianye, Phoon Kok-Kwang, Ho Yuan-Hsun, et al. Quasi-site-specific prediction for deformation modulus of rock mass [ J]. Canadian
Geotechnical Journal ,2021,58(7) :936-951

Karakul Hasan, Ulusay Resat.A new internal friction angle-based approach for estimating Hoek-Brown constant mi and its comparison with those
estimated from some current methods[ J ].Bulletin of Engineering Geology and the Environment,2022,81(8) :1-25

Yaar Serdar.An experimental study to determine the hoek-brown constant (mi) for tuffs[ J].Yerbilimleri/Earth Sciences,2021,42(1) ;52-69
Betournay M C,Gorski B, Labrie D, et al.New considerations in the determination of hoek and brown material constants| C].Proceedings of the 7th
ISRM Congress, 1991

Hobbs D W.The strength and the stress-strain characteristics of coal in triaxial compression[ J].The Journal of Geology,1964,72(2) :214-231
Schwartz Arnold E.Failure of rock in the triaxial shear test[ C].Proceedings of the us Symposium on Rock Mechanics, 1964

He Mingming,Zhang Zhiqiang, Zheng Jun, et al. A new perspective on the constant mi of the hoek-brown failure criterion and a new model for
determining the residual strength of rock[ J].Rock Mechanics and Rock Engineering,2020,53:3953-3967

Wang Haoteng, He Mingming, Zhang Zhiqgiang, et al. Determination of the constant mi in the Hoek-Brown criterion of rock based on drilling
parameters| J | .International Journal of Mining Science and Technology,2022,32(4) ;747-759

Cai M.Practical estimates of tensile strength and Hoek-Brown strength parameter mi of brittle rocks[ J].Rock Mechanics and Rock Engineering,
2010,43(2) :167-184

Mehrishal S, Sharifzadeh Mostafa, Shahryar K.Estimating of hoek-brown mi using internal friction angle[ C].Proceedings of the 24th International
Mining Congress of Turkey,IMCET,2015

VaSaRhelyi BalaZs, KovaCs LaSzl, ToR6K AKos. Analysing the modified Hoek-Brown failure criteria using Hungarian granitic rocks [ J].
Geomechanics and Geophysics for Geo-Energy and Geo-Resources,2016,2(2) :131-136

Shen Jiayi,Karakus Murat.Simplified method for estimating the Hoek-Brown constant for intact rocks[ J ].Journal of Geotechnical and Geoenvironmental
Engineering,2014,140(6) :04014025

Bieniawski Z.The rock mass rating (RMR) system ( geomechanics classification) in engineering practice[ M ].Rock Classification Systems for
Engineering Purposes. ASTM International.1988

TRRA RS BARAE : GB50218-94[ ST.4L 5T . rh R Akt , 1995

Standard of engineering classification of rock masses:GB50218-94[ S].Beijing: China Planning Press, 1995

Helton J C,Davis F J.Latin hypercube sampling and the propagation of uncertainty in analyses of complex systems[ J |.Reliability Engineering &
System Safety,2003,81(1) :23-69



536 AR EE-S ARSIy S tete ot Vol.33

Study on the Construction of Tunnel Face Safety Factor Prediction
Formula Based on MARS

MAN Jianhong', HUANG Hongwei', WANG Feiyang®, CHEN Jiayao’
(1.Department of Underground Architecture and Engineering, Civil Engineering, Tongji University , Shanghai, 200092, China ;2. Department of Civil
Engineering, College of Environmental Science and Engineering, Donghua University, Shanghai 201620, China; 3. Tunnel and Underground
Engineering Research Center of Ministry of Education, Beijing Jiaotong University, Beijing 100044, China)

Abstract

To address the challenge of assessing the stability of rock tunnel face,a fast and efficient assessment model was
proposed. A comprehensive dataset comprising 818 set of data encompassing crucial parameters like GSI,0, and m,
were meticulously collected from the literature.The correlation coefficients between o, and m; as well as GSI and o, ,
were subsequently determined.The Latin hypercube sampling and analytical solutions were combined to construct a
robust stability database specifically tailored for Grade V rock tunnel faces. Utilizing the Multivariate Adaptive
Regression Splines (MARS) algorithm, a predictive formula for the safety factor of rock tunnel face was developed,
and rigorously validated using on-site construction data.Comparative analysis indicates that the geometric parameters
of the tunnel exert a pronounced impact on the stability than rock properties.The model exhibits good interpretability
of the intricate relationships of the tunnel face safety factor to various factors, enabling rapid, accurate , and reliable
computation.Consequently , the assessment model stands as a convenient on-site tool , offering expeditious evaluations
of the rock tunnel face stability.

Keywords: tunnel face stability; correlation coefficient; analytical solution; MARS algorithm; latin hypercube

sampling ; expeditious evaluation
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