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Extremely strong toppling Strong toppling Weak toppling

zone A zone B zone C
dip angle/° Hong 1994 20-50 20-50 250
toppled angle/° Li et al,, 2004 40-55 5-40 5
toppled angle/° Liu et al,, 2017 225 15-25 1-15
dip angle/° Zhao et al,, 2021 0-40 30-70 270
dip angle/° Bai etal., 2009; Huang et al., hard rock <40 hard rock 35-70 hard rock 265
2017 soft rock <35 soft rock 35-65 soft rock 260
toppled angle/® Bai et al,, 2009 hard rock >35-40 hard rock 10-35 hard rock <10
Huang et al, 2017 soft rock >40 soft rock 15-40 soft rock <15
maximum tension within layer/mm 2 15-26 5
Bai etal., 2009; Huang etal., 2017
unit tension within layer/mm/m 26-47 11-28 10-15
Bai et al,, 2009; Huang et al., 2017 27-50 10-33
longitudinal wave velocity/km-s 1.0-14 15-3.0 20-35
Bai etal., 2009; Huang et al., 2017 1.0-15 15-3.0 3.0-40
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Scale value Toppled angle Maximum tension within layer Longitudinal wave velocity

toppled angle ‘ 1 2 3

‘maximum tension within layer ‘ 12 1 2

longitudinal wave velocity ‘ 113 1 1
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Scale value Toppled angle Maximum tension unit tension Longitudinal wave velocity
toppled angle 1 2 1 4
maximu tension within layer 12 L 12 2
unit tension within layer 1 2 1 3
longitudinal wave velocity 1/4 " 73 1
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Extremely strong toppling Strong toppling Weak toppling
zone A zone B zone C
toppled angle a/* az25 10<a<25 as10
maximum tension within layer S/mm 52100 30<8<100 5230
longitudinal wave velocity Vp/km:s Vps13 13<Vp<2s Vp225
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Extremely strong toppling

zone A

Strong toppling
zone B

Weak toppling
zone C

toppled angle a/*
‘maximum tension within layer $/mm
unit tension within layer s/mm/m

longitudinal wave velocity Vp/km:s

35

$220

$226

Vps1s

10<a<35

8<8<20

15<s<26

15<Vp<3.0

s<15

Vp23.0
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Scale value Mean|

1 u has equal importance compared to u;

3 u is slightly more important than u; compared to u;

5 u, s significantly more important than v, compared to

7 7 uy is more important than u

9 u is extremely important Compared to u

2.4.6. 8 Represent the median of adjacent judgments separately
reciprocal Comparing u; with u, yields u then uj with u; yields
=l
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State Peak Peak strain/% Elastic

intensity/MPa modulus/GPa
natural 27.37 065 421
pH3 1268 078 1625
pHS 17.95 075 2345
pH7 2099 0.70 2.998
pHO 17.78 074 2405
1747

pHI1 14.80 0.76
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g, (MPa) e o, (MPa)
40.65642 0.00017 0.06903 258658 0.00002 0.11407
43.45936 0.00028 0.09964 2.77508 0.00003 0.13483
45.08661 0.00042 0.13539 2.85000 0.00004 0.16822
4560000 | 00005 = 017510 | 250681 | 000007 | 028788
42.42636 0.00106 0.27365 206334 0.00010 0.40186
36.29218 0.00160 0.37804 1.71209 0.00014 0.49033
30.30054 0.00214 0.46840 1.45153 0.00017 0.55755
25.36287 0.00265 0.54145 1.25711 0.00019 0.60938
21.48863 0.00313 0.59959 1.10875 0.00022 0.65023
18.47000 0.00358 0.64605 099272 0.00025 0.68312
16.09780 0.00402 0.68363 0.89988 0.00027 0.71014
14.20747 0.00445 0.71444 0.82408 0.00030 0.73271
12.67811 0.00486 0.74006 0.76110 0.00032 0.75183
11.42245 0.00527 0.76164 0.55871 0.00044 0.81586
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Concrete Density (kg/m®) = Poisson's ratio Axial Axial tensile Initial elastic
strength grade compressive strength (MPa) modulus (GPa)

strength (MPa)

2,400 02 456 285 36
C60 Eccentricity fiolf, Viscous parameters K Dilation angle ()
o1 116 0.0005 06667 040
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Crack length/mm

Single-loading

Natural state Waterlogged state

Cyclic loading

Natural state

Waterlogged state

0-30 5 3 2 2

30-60 3 5 3 4

60-100 7 6 4 6
Average crack length 42.67 mm 39.64 mm 39.44 mm 3583 mm
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Cycles/times

1 4.856 7.152 5.421 7.065 5.169 7.872
2! 5.565 7.226 6.685 7.948 6454 8.428
3 6.441 7.642 7.197 8433 7.168 8504
4 6.828 8.154 7532 7621 8.882
5 7.251 7.661

On average 6.188 7.544 6709 7815 63815 8422

Cycles/times

1 1.626 2446 1.816 2792 1739 2.649
2 3014 2727 3222 3411 3151 283
3 3641 6.116 4045 7364 3908 6731
4 4333 6.709 4476 7472 4423 7.046
5 4439 5304 5546

On average 3411 4499 3773 5260 3753 4.814
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Test piece serial Load ordinal Peak value Devastation Devastation On average

number number Strain/% Load/kN Strength/MPa strength/MPa

RI 1 181 160.90 8435

a 78.80
R2 1 144 139.66 7325
R3 5 170 13646 7133

R4 4 170 11348 5949 64.28
RS 5 144 11857 6202
R6 1 103 4432 2324

21.92
R7 1 138 3923 2059
RS 5 124 50.99 272

R9 5 113 48.64 25.50 2559
RIO 5 149 4685 2454
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Test piece
serial number

Aqueous
state of affairs

R4

RS

R6

R7

R8

RY

RI10

Naturally
state of affairs

Saturated with water
state of affairs

Load way Specimen size/mm Mass/g
velocity/km-s
Calibre High degree
4929 10191 512 226
One load
4928 101.92 511 268
49.36 102.08 509 261
Cpelcloadingand 4929 101.78 512 291
unloading
49.35 101.92 512 291
4929 101.98 521 242
One load
49.26 101.84 520 226
49.30 101.68 521 3.00
St 930 10211 523 309
unloading
4931 101.86 522 283
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Input parameter

Focal length
Sensor size
Camera resolution
GsD

Target area size

18mm
223x 148 mm
6,960 x 4,640 pixel
1 mm/pixel

100 x 100 x 50 mm

Input parameter
Minimun field of view
Shooting distance range

Focal length range

Number of shooting parameter combinations

293.82 x 195 mm

250-3,600 mm

18 mm

16
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Grade of surrounding rock 100 100 081 015
Rock mass integrity 095 95 100 013
Weathering degree 062 71 071 017
Fracture development 0.62 90 062 017
Ratio of soft to hard strata 043 65 043 027
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Excavation disturbance 038 - - -
Landform 081 88 090 0.20
Average monthly rainfall 0.90 84 081 ‘ 0.16
Seasonal distribution 014 - - -
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K (GPa) G (GPa) V,™ (m/s) References

Dolomite 8498 53.88 287 7392 Yan etal. (2022)
Calcite 76.02 36.80 271 6791
K-feldspar 62.66 3185 256 6,408

Plagioclase (An9) 57.53 3270 261 6225 Jietal. (2003)
Plagioclase (An53) 7383 3582 268 6736
Quartz 38.12 47.60 2,655 6,194
Clay 2090 685 258 3412 Chand et al. (2004)
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n% CM%)  E.

659 254 6101 103x10° 0437 0437 v - - = =
249 89.8 1125 217x10° 0178 0178 - - v - -
822 0.9 72.66 5.07x10712 0.543 0272 v - - LS -
721 163 4103 351x107 0481 0.241 v - - - v
820 24 4793 373x1070 0545 0.182 J v - v -
817 28 4717 449x10™" 0544 0.181 J - - v v
815 4.1 3520 239x 10710 0547 0.137 v v v v -
813 43 3474 277 %107 0545 0.136 v v - v v
80.9 6.0 27.19 149x10” 0547 0.109 v R v v v

Note: §5- Adjusted sum of squared deviation, MS- Adjusted mean squared deviation R. The bold values represent the optimal multiple linar regression models selected based on R? and C, for
virlons pecemabie combltatione.
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No. ¢f (Mpa) o2 (Mpa) n(%) W,

1 6675 468 0.70 3,141 237 93 346 4 037 Zhou etal.
(2016)
2 7191 50.48 0.70 3,615 237 8.50 229 1377 117 Cai et al. (2019)
3 2298 9.65 0.42 2,760 213 1420 84 3327 472
Karakui and
4 65.40 i 3,540 250 | 32 126 47.00 150 Uiges§ Go13)
5 72.88 40.81 0.56 3,620 252 4.00 156 42.00 168
6 46.99 3294 0.60 3,167 237 887 35 489 043 Zhoueet al.
(2019)
7 32.69 14.04 043 2,703 232 1269 581 991 126 Huang etal.
(2021)
8 84.82 68.96 081 3,558 239 5.84 244 000 000 Chen (2011)
9 115.55 403 035 2,660 248 7.50 3.02 27.00 203 Zietal. (2018)

Jia etal. (2018)

10 30.11 14.86 0.49 2,331 271 12.12 4.47 9.00 1.09
| Liao et al.

(2019)

11 21.14 8.36 0.40 1864 2.68 13.69 5.11 10.00 137

12 102.3 88.0 0.86 3,908 238 5.08 213 0.00 0.00 Cai et al. (2020)

13 71.26 46.89 0.66 3,165 242 5.59 3.01 0.00 0.00 Weng et al.
(2020)

14 30.68 18.76 0.61 3,233 253 6.65 2.63 8 053 Xie etal. (2022)

15 1.69 0.69 0.41 1799 1.60 36.30 22,69 3.00 1.09

16 859 427 050 2374 195 3170 1626 200 063 V"“g;f;“ i

17 12.09 7.23 0.60 2,740 1.98 21.70 10.96 250 054
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Type d (Mpa) 2 (MPa)

YB 63.96 48.83 076 2,659 3,888 258 493 21
YR 48.57 2284 047 25532 2,667 226 14.96 103
YY 74.09 51.63 0.66 2818 3,031 221 1623 78
YG 93.48 66.80 0.66 3213 3,882 249 694 174
Zhp 149.2 106.3 071 3,636 4,305 263 214 128
ZhG 159.53 13155 082 4,082 4,878 262 387 20
ZhL 201.2 ‘ 171.62 0.85 4,787 5,120 265 052 185
ShR 49.76 29.42 057 2176 2225 222 1643 98
ShG 44.52 27.50 0.62 2712 3,046 219 17.01 187
shy 47.62 3178 0.67 2,658 2,985 233 1298 11
SB 46.18 21.02 0.46 1702 2089 226 1481 46
sY 3271 11.64 0.36 1,381 1701 21 2178 7
SG 94.69 47.47 050 2,845 3,178 257 453 211
sw 75.15 39.45 052 2,740 2,988 241 9.07 146
HR 63.55 28.75 045 2779 2,817 24 1294 106
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Number  Location Petrographic classification Clay mineral

chl  Mon cm
» Yunnan Finegrained ldpatho- i sandstone s | sa | as | w2 | o o oo o a2 | o
" Vomnan Finegrainedlih eldsptic sandstone 26 | 3 | ss | o0 | os o o a4 o o
v Yunnan Fie-graned lihic quarz sandtone w2 | 0 0 o | o 0 o |2 | s | o o o
o Yunnan Finegratned liho eldsptic sandstone ws | om0 0w o o ms | ose o o o
2 Zhjang Finegrtnedltho eldspatic sandstone ae | e | o | sa | os o o ks | o o o o
6 Zhejang Finegraind Litho-ldspahic sndsone 7 | w | as | 0 | 2 s0 o s ua | o o o
z Zigons Finegrained lih eldsptic sandstone o || o | o0 | o2s 109 o o ms o o o
s Shaanat Finegrtned ltho eldspatic sandstone s | we | e | 17 | o9 o o e | o o 3 | o
6 Shaanss Mediam grinedliho-dspathic sndsone we | w2 o | o | o o o w | ue | o o o
s Stau Fine grainedlihic quart sndsone wo | o o o | o o u o o o o o
@ | scum Modiom-fn grined quarts sandtons a0 | 0 o | o o s | 1 | ow | o 0w | o
st Siehuan Fine-graned eldpathic sndetone | es | 0 | o | o o o om om0 o ses
s Sichuan Finegrtned ldpatho-lthic sandstone s | a2 1 | o o o e a2 o0 25 o
sw Sichuan Fine grtned e quartz sandeone ma | es | o | a2 | o o s s e | 0 | o
™ Hubei Medum-fne grined Libo fddspathic sndsone. | 632 | 217 | 12 | 23| 10 o s | os | o o w0

Notes: Qua- Quartz Fel-Feldspar; CalCalie; Dol-Dolomie; Pyr-Pyit; Kao-aalinie: -t Chl-Chloite; Mon-Montmrillonite, M-t and Montmorilonit mixed layer;and C/M-Chiorite and Montmorillonite mixed aye. YB-Yonnan back sandstone; YR
Vunman red sandstone; YY-Yannan yellow sandstone; YG-Yunnan grey sadstone; Z1P Zhejiang purple sandstone; ZhG: Zhefiang green sandstone: ZhLZhejang light geen sandstone; ShR-Shaansi rd sandstone; ShG-Shaani grey sandstone; Y- Shaani yellow
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Rock type Regio

P-wave velocity (Unit: km/s)

Number of samples

icted function

R2

References

~10V, x n-115 ()"

Granite Tarkiye N=19 5.53V,-55 080 | Tugrul and Zarif (1999)
48 rocks Turkiye N=27 0, =995V, 1! 083 Kahraman (2001)
Sandstone, etc Tiirkiye =150 56.71V,-192.93 067 | Gobanoglu and Gelik (2008)
Ignimbrite Tiirkiye N =264 9V, 0.65 Binal (2009)
Sandstone Iran N=70 .0244exp (ﬂ.DUlZVP) 0.83 Rezaei et al. (2019)
Flint ‘ Europe N=7 0. =091 VPJISDO.é 0.87 Aliyu et al. (2019)
Shale Iran N=33 0.=2% 107V, 1 0.93 Rastegarnia et al. (2021)
Calcarenite Spain N=5 20365 (V, ) 096 Rabat et al. (2020)
Gypsum Tiirkiye N =250 0= 3.9348exp (0.6129V) 082 | Yilmazand Yuksek (2009)
Density (Unit: g/cm?)
Siltstone, etc Tiirkiye N=67 0. = 0.13exp (0.2134p%) 090 | Erguler and Ulusay (2009)
Travertines Hungary N=40 0.0001exp (5.24350) 0.85 | Torok and Vasarhelyi (2010)
Sandstone, etc India N=20 0. =2877p" -615.9 076 | Mishraand Basu (2013)
Sandstone United States - = 0.03exp (3.41p°) 092 | Kimand Changani (2016)
Flint North-West Europe N=7 ~6716.8 (p%)° + 35,905.6p" ~47454.4 0.90 Aliyu etal. (2019)
Calcarenite Spain N=5 6% 10 %exp (1.889p%) 078 Rabat et al. (2020)
Porosity (Unit: %)
Gypsum Tiirkiye N =250 0, = ~28.429In(n) + 78.989 0.80 Yilmaz and Yuksek (2009)
Sandstone, etc India N=20 -55.7In(n) + 172.1 088 | Mishraand Basu (2013)
Mudstone ‘ Trinidad N=7 0= -661n+244.4 070 Tyare etal. (2021)
Shale Iran N=33 =-026n+7.5 079 | Rastegarnia etal. (2021)
Water content (Unit: %)
Gypsum Tarkiye N=29 0, = 16.68exp (-0.8193W,) + 24 093 Yilmaz (2010)
Siltstone, etc Tarkiye N=67 67.1W, 095t 0.87 | Erguler and Ulusay (2009)
Sandstone China N=16 19.95exp (~0.659W,) + 468 094 Zhou etal. (2016)
Sandstone Australia N=25 43.63exp (-02W,) 089 Masouni etal. (2017)
Sandstone China N=41 0, = 80.6exp (-0.904W,) + 43.17 098 Tang (2018)
Siltstone China N=12 7.4dexp (-0.383W,) + 17.71 097 Lietal (2019)
Shale Iran N=33 ~0.067W,2 +0.058W, +7.081 071 | Rastegarnia etal. (2021)
Clay content (Unit: %)
Sedimentary Tiirkiye N=65 /0, ey 1.134exp [~1.1302CM/CM™] 079 | Gokceoglu et al. (2009)
Mudstone Trinidad N=7 16.12CM +218.47 043 Tyare et al. (2021)
Multivariate
Limestone, etc Iran N=8 =5.98 (p/n) +22.032 065 | Rajabzadeh etal. (2012)
Sandstone, etc Tiirkiye N=13 log [0, (S,)] = 1.368 + 0.794 Log (1 + 091 | Karakul and Ulusay (2013)
V,)-0.2018,-0.056E,.
Limestone Iran N =105 0,=90-0.021V, +3 () +0.019n 093 “Torabi-Kaveh et al. (2015)
Limestone Iran N=18 0. =2054+0.013V,-3.27n 092 Jamshidi et al. (2018)
Limestone Chile N=13 0% =2.0137 exp (0.794V-0.401n) 085 Gonzilezetal. (2019)
Travertine Chile N=29 ~13648 + 2407V, +5623p + 3220982V, x p* | 0.84 Saldaia et al. (2020)

Note that: V,,-P-wave velocity, V- P-wave velocity at saturation condition, p-Dry density; p*- Saturated density, o Saturation uniaxial compressive strength, o, -Uniaxial compressive

itareth, - Weiihorof ssanaiion, CM-Clay wiiaral coniléint.

'W.-Water content, S,-Water saturation, n-porosity of rock, E._-Effective clay mineral content.
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