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Failure modes and process of tunnels reinforced by rockbolts under top explosion
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Abstract: Based on model tests and numerical analysis, failure modes and process under top explosion are studied. According
to the results of the model tests, the tunnels reinforced by rockbolts under top explosion have four kinds of failure modes, that is
tensile failure, shearing failure, compressive failure, compressive and shearing failure. By analyzing the experimental profile
and the propagation rules of stress waves, when the stress waves reach the surface of the tunnel, spalling failure will appear,
which may make similar half elliptical rock mass peel off. Both sides of the tunnel produce cracks easily. With the increase of
blast load, if the anchor reinforcement strength is weak, local collapse will appear, and once the intensity of anchorage zone is
large, it will lead to collapse of the tunnel from spandrel to explosion center. Finally, in accordance with the action process of
stress waves, the stress distribution and the development process of plastic zone, failure modes and process are further discussed
through numerical analysis.
Key words: underground engineering; explosion stress wave; rockbolt-reinforced tunnel; failure mode; failure process; model

test; numerical analysis
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Fig. 1 Model test apparatus for anti-explosion structures in rock

and soil engineering
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Fig. 3 Profile of tunnels reinforced by bolts

Fig. 4 Upward view of vault of tunnels reinforced by bolts
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Table 1 Physico-mechanical parameters of rock Grade III and materials

N Eica R P REEE AR AT A TS v PUERE R, PRI R,
h p/(kg-m’3) c/MPa o/(°) E/GPa /MPa /MPa
1IEN 2450~ 0.70~ 3950 6.00~ 0.25~ 15.0~ 0.83~
Fil A 2650 1.50 20.00 0.30 30.0 1.40
[ 1600~ 0.06~ 3050 0.48~ 0.25~ 1.5~ 0.07~
M 1800 0.12 1.60 0.30 2.0 0.11
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Fig. 5 Upward view of arch foot of tunnels reinforced by bolts
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Fig. 6 Damage patterns of tunnels reinforced by rockbolts under
different separation distances
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Fig. 7 Collapse patterns of tunnels reinforced by rockbolts
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Fig. 10 Model of numerical analysis
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Fig. 11 Time-history curves of stress of model tests
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Fig. 12 Time-history curves of stress of numerical analysis
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Fig. 13 Contours of minimum principal stress
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Fig. 14 Contours of maximum principal stress
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Table 2 Explosion charges of model tests and embedded depths
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wig h/cm  H/cm (hiw'™) (Hw™")
B 250 500  83.0 17.1 28.4
M 394 582 748 17.1 22.0
WM 649 687 643 17.1 16.0
FEIM 1182 83.9  49.1 17.1 10.0
WML 1600 93.0  40.0 17.1 7.4

4 & it

AN A BT R USRI AR 7 T 5 6
189 1] S AE TR T IR B 2 SR i /At B
T

(1) 3 HUBAERL R, AL [ I % 12 A 52
PR BIVIRAR . S BRI BT AR 4 FRAEIRTE

=

BN o

(2 A [T == AEB A 2 A S T = 4 TR
JEPANEIR D OFE B Hi T AT SRR $E 1
S0 T B BT 0 ] o S O, v (1 T AR5
@MMITERE “ I\ TR BT IREE, BT ] o 5
N, R D) AR DN R D R, 3B
AINTEIB PR Jm 0, (E BT o [ s B2 A2 8 K, 3K
S RAT o B B8 P RGN 17 _E R 1) 1L A
) NI ) ST, HLR SR, PRl
E e VYIS 2 SEIEWNTE AL U S7Ep A

ORI BRI 23 1 1 B i R
il T 5 (R N g 93 A1 B SN DR e e, Bk — PR IE
THE LR,

S

(1] E5E0, BREETT. i D K 22 A E S T e IR R (],
A IS TRESER, 2004, 23(13): 2235 - 2242, (ZENG
Xian-ming, CHEN Zhao-yuan. Research on safety and
durability of bolt and cable-supportal structures[J]. Chinese
Journal of Rock Mechanics and Engineering, 2004, 23(13):



1388 P

2015 4F

2235 - 2242. (in Chinese))
2] BRZE. A LB R D] A A S TR,
2005, 24(21): 3803 - 3811. (CHENG Liang-kui. Research

and new progress in ground anchorage[J]. Chinese Journal of

Rock Mechanics and Engineering, 2005, 24(21): 3803 - 3811.

(in Chinese))

(31 7™, S5 TE. BT AL A B TE DRI, T
K2R (BAREFERR), 2005, 33(6): 696 - 700. (FANG
Cong-yan, ZHOU Jia-shou. Experimental study of status of
rock bolts reinforcement mechanism[J]. Journal of Hohai
University (Natural Science), 2005, 33(6): 696 - 700. (in
Chinese))

(4] KB, WA, R, & BERMEEN MRERES
BTS2 130T [0]. R 23] 5 TR AR, 2012, 8(4): 678 -
684. (ZHANG Xiang-yang, GU Jin-cai, SHEN Jun, et al.
Tunnel deformation and bolt bearing state under explosion
load[J]. Chinese Journal of Underground Space and
Engineering, 2012, 8(4): 678 - 684. (in Chinese))

(51 Bibt, % i, A, A& BTN & SRR et 2R
TN S AR AR PERT T (). 5 A )% 5 TR A 4, 2006,
25(18 71 2): 3749 - 3756. (YANG Su-hang, LIANG Bin, GU
Jin-cai, et al. Research on characteristics of prestress change
of anchorage cable in anti-explosion model test of anchored
cavern[J]. Chinese Journal of Rock Mechanics and
Engineering, 2006, 25(S2): 3749 - 3756. (in Chinese))

(6] WA, BREcH, 1R50%, 55 (EBRNERT A Tl [ =
WA TR LRI T IT[T]. A 2% 5 TR, 2008,
27(7): 1315 - 1320. (GU Jin-cai, CHEN An-min. XU
Jing-mao, et al. Model test study of failure patterns of
anchored tunnel[J]. Chinese Journal of Rock Mechanics and
Engineering, 2008, 27(7): 1315 - 1320. (in Chinese))

(7] ¥ K. A S TR PERER T (D). L. o R
AR K2, 2008. (YANG Zi-you. Study on the anti-detonating
characteristics of underground opening reinforced by
rockbolts[D]. Hefei: University of Science & Technology of
China, 2008. (in Chinese))

(8] TK LS8, PUMEI S A [l Fls AL TN ) 8 28 52 ) R AL 5T
[D]. i B T2, 2009. (ZHANG Liang-liang.
Study on stress character of prestressed anchorage in
different regional antiknock chamber effected[D]. Wuhan:
Wuhan University of Technology, 2009. (in Chinese))

(91 ARuKug, WGA, B/, 4. S8R IR == AT 32 01
SEEGWFIT[T]. T AER, 2009, 30(H ) 2): 263 - 266. (YU
Yong-qiang, GU Jin-cai, YANG Xiao-lin, et al. Experimental

study on applied force of reinforcement cavity rock bolts
under dynamic loading conditions[J]. Acta Armamentarii,
2009, 30(S2): 263 - 266. (in Chinese))

[10] it 2 ol [0 % fod e ) I3 S B WF9E (D). & E:
B2 B R K22, 2011. (MA Hai-chun. Research on
explosion resistinhg capacity site tests of underground cavern
reinforced by grouted rockbolts[D]. Hefei: University of
Science & Technology of China, 2011. (in Chinese))

(1] R5R0%, B, BRzefin, S5, BAT A A0 ) BRoG i %
PUBMRE AT SY[T]. A 1%, 2012, 33(1): 3489 -
3496. (XU Jing-mao, GU Jin-cai, CHEN An-min, et al. Study
of anti-explosion ability of reinforced tunnels with different
anchor lengths and spacings[J]. Rock and Soil Mechanics,
2012,33(1): 3489 - 3496. (in Chinese))

(12] R3R0%, BisA, BRedi, 5. S ahn 5 FT 6
T PRSI IEIT[I]. a1 5 TR R, 2012,
31(11): 2182 - 2186. (XU Jing-mao, GU Jin-cai, CHEN
An-min, et al. Model test study of anti-explosion capacity of
anchored tunnel with local lengthening anchors in arch
springing[J]. Chinese Journal of Rock Mechanics and
Engineering, 2012, 31(11): 2182 - 2186. (in Chinese))

(13] fA=5e, A%, B, 55 BEIERr 80N ST sh s
WRITITI]. AR %5 RS, 2011, 30(8): 1540 -
1546. (SHAN Ren-liang, ZHOU Ji-jun, XIA Yu, et al
Experimental investigation on dynamic response of rockbolt
under blasting load[J]. Chinese Journal of Rock Mechanics
and Engineering, 2011, 30(8): 1540 - 1546. (in Chinese))

[14] FIAL%. BRYEZN BT XA S 45 46 5% i 1) 56 5T
[D]. dbxt: R EF LA, 2011, (ZHOU Ji-jun. Effects of
blast loading on rockbolt anchorage structure near the
working face in the model test[D]. Beijing: China University
of Mining & Technology, 2011. (in Chinese))

[15] ZHANG C S, ZOU D H, MADENGA V. Numerical
simulation of wave propagation in grouted rock bolts and the
effects of mesh density and wave frequency[J]. International
Journal of Rock Mechanics & Mining Sciences, 2006(43):
634 - 639.

[16] TANNANT D D, BRUMMER R K, YI X. Rockbolt
behaviour under dynamic
modelling[J]. Int J Rock Mech Min Sci &Geomech Abstr,
1995, 32(6): 537 - 550.

[17] GISLE S, ARNE M. The Influence of blasting on grouted

loading- field tests and

rockbolts[J]. Tunneling and Underground Space Technology,
1998, 13(1): 65 - 70.



%8

FOU5, A B S AR TR E R BB R R FEmT T 1389

[18] ORTLEPP W D, STACEY T R. Performance of tunnel
support under large deformation static and dynamic
loading[J]. Tunnelling and Underground Space Technology,
1998, 13(1): 15 - 21.

[19] ANA Ivanovic, RICHARD D Neilson, et al. Influence of
prestress on the dynamic response of ground anchorages[J].
Journal of Geotechnical and Geoenvironmental Engineering,
2002, 128(3): 237 - 249.

[20] ANA Ivanovic, ANDY Starkey, RICHARD D. Neilson, et al.
The influence of load on the frequency response of rock bolt
anchorage[J]. Advances in Engineering Software, 2003, 34:
697 - 705.

[21] RAJIMENY P K, SINGHB U K, SINHA B K P. Predicting
rock failure around boreholes and drives adjacent to stopes in
Indian mines in high stress regions[J]. International Journal
of Rock Mechanics & Mining Sciences, 2002, 39(2): 151 -
164.

[22] SINGH P K. Blast vibration damage to underground coal
mines from adjacent open-pit blasting[J]. International
Journal of Rock Mechanics & Mining Sciences, 2002, 39(8):
959 - 973.

[23] HAGEDORN H. Dynamic rock bolt test and UDEC
simulation for a large carven under shock load[C]/
Proceeding of International UDEC/3DEC Symposium on
Numerical Modeling of Discrete Materialsin Geotechnical
Engineering, Civil Engineering, and Earth Sciences. Bochum,
2004: 191 - 197.

[24] £4L 5. A EatM]. dbat: BEEF Tk A, 2005.
(WANG Li-li. Foundation of stress waves[M]. Beijing:
National Defense Industry Press, 2005. (in Chinese))

[25] DENG X F, ZHU J B, CHEN S G, et al. Numerical study on
tunnel damage subject to blast-induced shock wave in jointed
rock masses[J].

Technology, 2014, 43: 88 - 100.

Tunnelling and Underground Space

Wit TR FAFHEREE (—S@%HD
(2015, #u)

B TR AR B AR, I R IR RO, B
I R IAAL 255 3R, b 2 1198 YR T AR FH B il 224
WA T B ISR . BRIk T T 2R R R K K
3K, BT 2015 4F 10 A 31—11 A 1 BEESUMNERT R 224 T “ 9%
T N2 T IF R A RTTS IS B4y, S UCK St
7R (AR R PR SRR AR T4, R IR i R 2% (R A
PR HTAS I EBEA TR, 4 T 3Rl b T =23 1) AR )

FHIEACT AN A B IR 55 5 o

SERR: Sl A TR R s (] A
RS s ST R ER G I AN, SR SR A AL
Sy T 2 ] B Ak

FIEAL P ETTRER AL AR 5T TR,
TARTRE A H )2 Joh £ TR 43 WL RS i
F TR WL AR ST AR R ST L



