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Method

Benefits

Limitations

Peak Particle Velocity
(PVV)

No production interruption,
already recorded data
(vibration)

Not a good picture, ignores many parameters,
based on arbitrary relationships, site specific

Standardized Blasting
Tables

No production interruption,
predicting damage based on
explosive charge

Based on PPV, based on arbitrary relationships,
site specific

Half Cast Factor

Limited interruption,
simple, very fast

Only surface data, minimal depth

Scaling time

No production interruption,
already recorded data

Indication only, depending on operator quality
and skill

Scanning

Accurate method, objective

Needs practical contour and drill hole location to
establish over break and EDZ, time consuming (-45
minutes)

3D photogrammetry

Limited interruption, good
indication,

Shadowing, needs practical contour and drill
hole location to establish over break and EDZ

Loading tonnage

Clear tonnage of rock mass,

production based data

Needs practical contour and drill hole location to
establish over break and EDZ, needs accurate rock
mass density and swell factor

Loading time

Indication on amount of
rock mass, production data

Only indication, needs “loading tonnage”, highly
influenced by fragmentation and loading issues

Tunnel mapping

Clear picture of the
surfaces, fracture orientation
ete.

Only surface data, interruption of the production

Ground Penetrating
Radar

Micro fractures can be
detected, limited interruption,
3D picture, penetrated the rock
mass

Not able to penetrate shotcrete, no difference in
natural and blasting fractures, metal objects
interfere, calibration and interpretation is needed

Core drilling

Fracture type and filling,
penetrated the rock mass

Time consuming (interruption), sparse data
collection

Rock Slicing

Fracture type and filling,
penetrated the rock mass, 3D
picture

Very expensive and time consuming
(interruption)

P-wave velocity

Micro fractures can be
detected, standardized method

YA

Meed drill cores or hole-to-hole data
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! Zone Of Excavation Disturbance Experiment
2 Smooth Blasting

* Tunnel Boring Machine

* Acoustic Emission (AE) Monitoring

® Disturb Zone

® Damage Zone
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Depth  Haole ucs E Ve V. Porosity

(mj) number (MPa) (GPa) (m/s) (m/s)

Before blasting 0.12 1 105 50 4372 075 143
0.14 4 101 49 4448 2228 115
0.27 1 105 54 4330 2007 1.24
0.46 1 99 47 4269 2096 1.23
0.47 3 101 57 4170 1730 1.09
0.63 2 95 47 4544 2207 0.98
0.67 1 104 49 407 210l 114
0.75 1 107 59 4375 126l 08T
0.81 2 108 56 4653 2257 0.9
0.85 1 101 60 4420 2234 1.1
.07 1 94 51 4441 2026 11T
1.24 4 98 56 4653 2175 0.84
1.27 1 111 6l 4759 2167 0.7
1.33 1 108 64 5064 2216 0.71
1.43 2 94 55 4704 2017 0.8
1.53 2 95 53 4852 2150 0.71

After blasting  0.21 7 El 25 3680 1800 18
0.45 8 B2 15 3758 1805 1.75
0.63 9 6 23 3673 1705 1.85
0.64 7 El 27 3888 1BBT .21
0.7 7 97 28 3860 1880 258
0.93 9 Bl 35 4110 2080 219
1.0 7 E9 24 4200 2080 1.8T7
1.08 9 108 37 3980 1980 282
117 7 95 51 4480 2052 1.64
1.21 7 112 57 4386 1776 1.65
1.33 7 109 33 4838 1894 217
1.54 7 104 50 4458 1933 245
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5L No Project Site Tunnel Rock Type Number of Test Data Set Range of Q
1 Pump Storage Plant Project (PSP), Tehri AATR Thinly bedded Phyllitic Quartzite (PQT) w 0E-1.1

2 AATOR Massive Phyllitic Quartzite (POM) 30 0.03-1.68
3 Singoli- Bhatwari Hydro Power Project (SBHEP), Rudraprayag HRT Quartz Biotite Schist 20 27-11.1

4 Tapovan Vishnugaad Hydro Power Project (TVHEP), Tapovan HRT Aungen Gneiss 24 36-43

] BPT Quartzite 12 6.8-17.8
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Si. No Experimental Tunnel Site Vibration Attenuation Equations a, MPa vV, m/s E MPa V., mm/s

1 HRT SBHEP s 2 R 120 6.71 3267 12600 1739.8
Vow = I?«lml(“ - )

2 HRT TVHEP = R —1so% 8.7 5400 27900 16838
Voew = l3"”5( Hu)

3 BPT TVHEP i = R\l 124 6200 55500 17545
Vogw = —"'N.l(“ 0 )

4 AA7 PSP . & 16 43 5400 10500 221.65
l";,‘=ulu(“‘ )

5 AAI10R PSP i = X \-102 7.2 6000 12700 340.15
Vipe = 576 :(“‘ )

Notations: o, Tensile strength, V_: P-wave velocity, E: Young Modulus; V_: Critical peak particle velocity; SBHEP: Singoli-Bhatwari Hydroelectric Project; TVHEP: Tapovan Vishnugaad
Hydroelectric Project, Tapovan; PSP: Pump Storage Plant Project, Tehri
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Model Year Procedure Advantage Disadvantage
Holmberg-Persson 1978 Calculate PPV to compare against PPV -Developed for cylindrical charges -Properties of explosive are not considered
damage ranges -Easy to use when all parameters are -Not strong theoretical support for its
kmown derivation
-Parameters of the equation are
established after several tests
Swedish Rock 1996  Fractures mechanics theories. Calculates  -Uses gas pressures generated in the -Difficult to follow because the complexity
Engineering Research extent of damage zone around a borehaole of the formulation and the number of
Organization borehole -Explosive properties included Velodity of  variables
[ SevBeFo) Detonation (VOD) and isentropic Fracture toughness parameter from the
properties of the explosive rock needs lab testing
-Too many “correction” factors in the final
formulation
Colorade School of 1968 Calculate PPV to compare against PPV -Uses gas pressures generated in the -Cylindrical charges divided into a chain of
Mines [C5M) damage ranges borehaole spherical charges
-Uses Poisson ratio. density of the rock -Number of field tests needed to be
and longitudinal wave speed of the rock  conducted to find inelastic coefficient
Hustrulid-Lu 2002 Calculate PPV to compare against PPV -Uses gas pressures generated in the -Number of field tests needed to be
damage ranges. Improved from C5M borehole conducted to find constant parameters
approach -Introduces artenuation formulations for  [attenuation) in the equation
the PPV
Medified ash 2010 Calculates extent of damage zone around  -Uses basic properties of explosives -Only density of the rock is accounted as a
a borehole using the explosive energy -Uses ANFO as reference rock variable
-Easy to use
Rock constant approach 2010 Based on Holmber's approach for -Uses basic properties of explosives -No rock properties are included
tunnels. Calculate extent of damage zone  -Uses ANFD as reference -Degree of hole confinement difficult to
around a borehole -Easy to use 255055
Neiman hydrodynamic Based on hydrodynamic studies by -Uses hasic properties of explosives -Explosive energy parameter difficult to
Approach Hustrulid. Calculate PPV to compare -Includes compressive strength of the 255055
against PPV damage ranges rock as a wariable
-Easy to use
Jang and Topal-artificial 2013  Based on Artificial neural network (ANN)  -Considers rock and rock mass parameters  -Blasting parameters are not involved in
Meural Metwark and multiple regression (UICS, RQD, RMR) the problem.
Approach
Mohammadi et al- 2015 Based on Fuzzy Logic technigues and -Considers rock mass parameters (RMR),  -A large data set of blasting parameters
fuzzy Logic Approach linear multiple regressions -Considers blasting parameters (powder (202 data sets) are required to obtain a

! Holmberg And Persson

2 Liu
® Forsyth

factor, ratio of contour holes to total
holes)

Of

reliable model.
-Applied in a site specific project (Alborz
tunnel}
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Parameter Yalue
Speafic gravity 263
Weight density (kg/m*) 2630
Longitudinal propagation velocity, in situ (mjs) 5550
Longitudinal bar velocty (m/s) 2740
Tensile strength (N/m®) 3.10 « 10°
Compressive strength (M/m*) 207 = 107
Modulus of ngidity [M/m™] 10.3 = 107
Young's modulus [N/m®) 20.7 = 107
Poisson's ratio im situ 0.26
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Parameter Actual value (measured) Methodology in use

Proposed methodology Using 1000 mm/s criterion Using static parameter
Damage extent (m) 1.14 1.67 134 3.47
Error (%) 0.0 46.5 105.3 204.4
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Parameter Value

For undamaged rock

Elastic parameters

Deformation modulus E. 17.8 GPa
Poisson’s ratio Vo 025
Plastic parameters

Cohesion Cm 2.6 MPa
Friction B [k
Tensile strength Fim —0.4 MPa
For damaged rock

Elastic parameters

Deformation modulus E, 12.4 GPa
Poisson’s ratio ¥a 0.25
Plastic parameters

Cohesion Ca 1.4 MPa
Friction oy 65°
Tensile strength Fod —0.2 MPa
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Case Description

Case 0 Base case or standard model

Case 1 Undamaged or no BIDE

Case 2 Varying Young's modulus of the BIDZ
Case 3 Varying compressive sitrength of the BIDZE
Case 4 Varying tensile sirength of the BIDZ
Case 5 Varying thickness of the BIDZ

Case 6 Varying overburden thickness

Case 7 Varying in-situ stress
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.'." . ) . '..'. I: Cutting blastholes
i ST Il - IV: Breaking blastholes
V: Buffer blastholes
TTT VI: Contour blastholes
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Elasthole type Cuiting Breaking holes Bulfer Contour
holes holes hales

Initiation sequence I i} I w v vl

[eetonalor seTies K=l KIE3 KES  NST  MS5I M511

Drelay time {ms) o bt ] 110 20y 3 L] 460

Blasthole diameter 420 420 420 420 420 42.0
{mum }

Charge diameter $2.0 20 220 320 285 .0
{mum

Spacmng (m} o7 o.E 1.0 1.0 1.0 [LE

Distance to the o3 1.2 23 3.2 42 30

tunnel center
{m]
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Radial distance (m)

1.000e+00 L .1 T T T T 1
9,000e.01
8.000e-01 _ Blasthole
7.0000-01 _
6.000e.01 _
5.000e-01
4.000e-01 _-'._sl
3.000e-01 _
2.000e.01
1.000e-01
0.000e+00 _| 6L =~ Numencal modeling

Depth (m)
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Dgpz = (7(7:5;)1_5. w V0 ala,
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VEDZ = 7742(%) 15 VA=Y alal,

PPV

Reduction factor = (1 —log, )b V- e,

VEDZ
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-G-Case A —8—Case B —a—{aseC

Displacement ()

0s

|:| 1 1 1 1 1 1 1 L 1 ']
L1 0.3 | 1.3 2 23 3 33 4 4.3 3
Distance from the tunnel wall (m)

W] cilsizeo o <l 6l o luls Hloges : YV-Y 5o
assls alosl goae gilu o S 2dly il S slaosls Lol VA o) ISe 5 (55
o e Ll sl Jae Gl e 0505 Al (g Sl L Jole il
DS L B Sy sl ool (giluaigy il 25k Ll )0 5 0l 00ls pread YU Siilingaee
Joe LSDYNA 1331 o 5 a5 cewl oo lo Tol .ol 00,91 s 4 Bl bl laote 45 o] ladie

S35 - gl Cw g Saglsn Jow 10iS o gilwand Joo ¥ elwl o ) S (o 5

\Al



W RHT Jowo TRHT) Logi- le o Joy, Joe 5 (TH) CawsgaSoglgnygmils Jowe (HIC)
Glo it Cod 5 S8 5t a5 anl slad o 1) S Canglie sloaasls Koo Jow g0
Joe el Bos jo S 0058 18, (o) 2 sl s celie oo pslaie l S oo (o) 2 YL
9 09S joame jLid ()5 £y plojen jsb 4 Siliul g Seelins JLis pw) 2 ogdle RHT
5 &l dte jbaie an Cwl ol (Gl izred a0 (o 8 (cw ) 9550 S Ty SRS (B

DALl 6 somslis Jow RHT Jaw (5 el slo o 0,bs, (Gas (oS

= RHT Jow el 5o Tl ogd co Gl 09250 oy20 gl 51 Soew (Sl sl il )y o]
—=ouiwn wlwl o RHT Jas o jLid 0gd  riwlonn 8ly Loail SO sloosls ol
Gohie Lad 5l Lad aS Lo an] e cans 4 p—a o515 alal; g SgbsSen (slalasois
S S SR JESIP-N W PO WA B A JPL SN L S7- SV [ -S| IR [ E O K PIPR Wl RSV ON S W R g
Dol oo Lials SUL Jaoo Sl ass )0 0gd o0 Olge  SFvw ralS cel Ml ralS el i
L 5 g 5 e il ST ISl A el se 8IS L8 il L Sl

[VA] Y WP BPISY SURUW S I TN PR WRIPL 3 SV R KA IR WA JEP R C TR -

YU+ LI PPV W DR | P AT SER YWD SOWI E RN WICON [ R I W T O 3 PR prgert ove R

el 0aal VY Joaz 0 aods b 4y o alone o el )l 04 o Jol>

! Holomquist—Johnson—Cook
2 Johnson-Holmquist
® Riedel-Hiermaier—Thoma

\Al



Ty

(a)

Failure surfage
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“icld surface

Residual surface
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Parameter value Parameter value
Mass density RO (kg/m) L Porosity exponent NP 3.0
Initial porosity ALFHA [} Reference compressive strain-rate EOC 3E-3
Crush pressure PEL (MPa} Reference tensile strain rate EOT 3E-8
Compaction pressure FCO (GPa) Ereak compressive sirain rate EC 3.E+I3
Hugoniot polynomial coefficient &, (GPa) Ereak tensile strain rate ET 3.E+Z3
Hugoniot polynomial coefficient A2 (Gra) Compressive strain mte dependence exponent BETAC 0.028
Hugoniot polynomial coefficient A, (Gra) Tensile strain rate dependence exponent BETAT 0.007
Parameter for polynomial EOS Bg Volumetric plasiic strin fraction in tension FTF o.001
Parameter for polynomial EOS B, Compressive yield surface parameter GC* 0.53
Parameter for polynomial EOS Ty (GPa) Tensile yield surface parameter GT* 0.7
Parameter for polynomial EOS Tz Ercsion plastic strain EPSF 2.0
Elastic shear modulus SHEAR [GFPa) Shear modulus reduction factor X1 0.3
Compressive sirength FC {MPa) Damage parameter Iy 0.4
Relative tensile strength FT” Damage parameter D 1.0
Relative shear strength ¥s' Minimum damaged residual strain EFM 0.01%
Failure surface Parameter A Residual surface parameter AF o2
Failure surface Parameter N Residual surface parameter AN o0.62
Lode angle dependence factor Q0 Grumeisen gamma GAMMA 0.0

Lode angle dependence factor B
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Filég) =

VAL 35,5 & 5 dumlone VA=Y adasl

(a) 6

\ A Wit puisa ahagieg (i
i || Zhang. 2013 Fmartle: #6000
N . 2011 O-chondring: 5:5+5

W Wang, 2011 Grarite: (@1 6131
Yiun, 2011 Wegranie: ¢10 2:08-8)
0, 2008, B.grante: JE0-50

§ LU0 BT-granbe: G070

K Li 2005 BT-granite: @0~36

W Frow, 201 Himestore; 912714127

Q Fraw, 2001 Himestona: M2 718,05

@ Frow. 2001 Himestore: P27:254

1107, 30'] s
II: [30', 6000] s

> Doan, 2009 T-pranike: @525
B Cav, 2007 Argaie: 913.224(4.91-5.9)
) Znas, 1099 ET-grasks: S0.60
() Otsson, 1831 Tuft #H25+12.525
£ Mwpeczio, 1900 Cout: @040
',/ Bonton, 1881 Granodad: #12 6453
€ Ewnton, 1081 |-Emayions: ¢16 550
Bianicn, 1831 Sandsicne: #6550
. T Chong, 1680 Mol shaky; $12.7:29.4
y N o GoMswit, 1976 Bgranine: ©5.4:645
) Lankford, 1678 M-oll shalke: 912.7:25.4
) Howe, 1974 Mmartie: ¢9.5.19.0631.75
Uindhalm, 1874 D-tasat: #127-25.4
Parkirs, 1970 Tensble: 912.7:19.06
) Green, 1958 Wgranke: #127-25.6
B0 Grwens, 1950 Tult $12.7254
& Green, 1958 Samestone: #127264
Stowm, 1058 Bart: #4106
Kemar, 1958 Basat: 1275127127
< Wwmar, 1060 Grantle: 12.7x12 74127

G\EOIGUC

10° 10* 10° 107 10" 10° 10’ 10° 10° 10°

£(s™"

(b) 8
I Direct tension (mm):
74 © = Cadoni, 2010 Orthogneiss: §20x20
E 107,007 ] 57 i ® Asprone, 2009 Tuff: ¢20x20
64 ’ -Fitting @  Goldsmith, 1976 B-granite: #25.4x38.1
s = Howe, 1974 Y-marble: ¢25.4x38.1
g 1 [107,107) s Fitting Brazlian disc (men): 3
% & Wang, 2009 Y'a-marble: ¢65x26
ol £ > Cai, 2007 Argillite: ¢25.8x(9.05-14.3)
o ® Dutta, 1993 B-granite: $46.23x19.81
= : . # Dutta, 1993 limestone: ¢46.23x19.81
) 34 ° Spalling (mm):
[+] ® 7 Kubota, 2008 Sandstone: §60x300
24 - o 4 Cho, 2003 Granite: ¢20x(240-480)
© Cho, 2003 Tuff; 20x(240-480)
1 P Py © Khan, 1987 Granite: #29.9x297.2/320
: * Khan, 1987 Limestone: ¢29.9x215.9/289.6/421.8
0 ' ; . - o Khan, 1987 Sandstone: ¢29.9x158.8/165.1

T T T
10° 10" 10° 10? 10" 10° 10’ 107 10

£
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' 167.1

[VA] S cenglio (glo adlgo dumwlone VA=Y alayl

e

ar (1]
P=Ap | l-——e™" + B | 1-—— e~ +
I |[ R,n]’ m.[ Rg]' .

VA6 yzeiin o3lo Lt anlno sl (W) J- 3G g 5ils alaly Yoot abayl

[VA] Cilizeo 0usaS yguame (sl yLid i Souw (SwilSo o adlgo VA=Y Jguo

g,=0,/MPa  0,/MPa P/MPa 0/MPa 0. /MPa P o,

0 6.93 —2.31 6.93 6.83 —0.01 0.04
0 167.1 56 167.1 167.8 0.34 1.00
5 224 78 219 219.9 0.47 1.31
10 271 97 261 262.0 0.58 1.56
50 528 209 478 480.0 1.25 2.86
100 735 318 655 657.6 1.90 3.92
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(a (b) lc

Fringe Levels
1.000e+00
8.000e-01 _|
6.000e-01 _
4.000e-01 _
2.000e-01
0.000e+00 _|

(d (e) (Banadaki 2010)
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Abstract

Due to the importance of tunnels and underground space in Minnig and Civil
engineering issues, it is necessary to do extensive studies on this issue and its
characteristic. There are two general methods for tunneling: mechanized and traditional
(Drilling and Blasting (D&B)). The method of D&B in hard rock is still the most
practical method. One of the risks of this method is failure due to excavation
surrounding the tunnel. Due to the undesirable effects of the blast, such as increased
maintenance costs, low tunnel progress rates, unforeseen stability issues, water flow,
and reduced tunnel life, excavation damage zone measurement methods are still
used.The purpose of this thesis is to investigate the effect of parameters affecting the
dynamic damage in the rock mass around the tunnel. First, the theories of explosion and
the mechanisms of failure due to explosion are mentioned. In the following, different
methods of predicting these fractures are explained. Then, by expressing the advantages,
features and principles of numerical modeling method, this method is selected to predict
the damage zone due to explosion and then different tunnel drilling modes are simulated
by UDEC software. The extent of the damage zone has been validated by analytical
methods. In the following, sensitivity analysis to various factors affecting the damage
zone has been performed. Factors such as rock cohesion and blast pressure have been
found to play the greatest role and the internal friction angle of the rock plays the least
role in the damage zone. Finally, in order to further investigate and simulate the rock
mass conditions, the effect of changes in the geological strength index (GSI) of the rock

in the extent of the damage zone has been investigated.

Key words : Tunnel, Numerical method, EDZ, UDEC, GSI
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