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Abstract

Analysis of Pillar Stability for Ground Vibration and Flyrock Impact in

Underground Mining Blasting

By Park, Hyun Sik
Adv. Prof. : Kang, Choo Won
Dept. of Resource Engineering

Graduate School, Chosun University

These days, mining industry prefers underground development for large
mining because of exhaustive minning resources and environmental pollution
and large drafts and mining cavities thanks to extensive distribution of
heavy excavation machines. In a mining design, to control collapse of
cavities and secure stability, design of cavities and pillars are considered as
very important.

Pillars separate cavities while controlling deformation of rock mass and are
categorized according to their roles as follows: support pillars, protective
pillars, and control pillars. As such pillars are designed and excavated based
on empirical formulas, when roofs or side walls collapse in mining, mining
works are retreated or rocks in front of collapsed area are abandoned and
major resources are buried, which causes lower economic profits and
stability. In blasting work for mining, blasting vibration, flyrocks and fatigue

behaviors may cause deformation or destruction of pillars, and collapse of



mining cavities. Therefore, it is very important to secure stability of pillars
against shock vibration, and blasting vibration delivered through the ground.
For the stable blasting design, we have to examine lithology of blasting
sides of cavities and identify patterns of blasting design and deformation
behaviors of pillars by blasting vibration and shock vibration of flyrocks.
Therefore, this study investigated discontinuity of cavities and carried rock
mass evaluations and lab experiments to identify physical and chemical
characteristics of rocks in study area. And we obtained a prediction equation
of blasting vibration through instrumentation for underground cavities and
analysed excavation damaged zones. For measurement of convergence of
pillar, we installed six instruments at three places(upper, middle and bottom)
of pillar crossing at right angles to investigate deformation of pillar due to
excavation of mining cavities, and obtained theoretical shock vibration
imposed on pillar through fragmentation analysis and measurement of flyrock
distance. To examine the influence of pillar in underground mining blasting,
we carried a finite element analysis and compared the result with prediction
equation of blasting vibration, and shock vibration of flyrock when a impact

was imposed on pillar and theoretical shock vibration.

Blasting vibration at theoretical throwing distance of {flyrock(16.34 m) in
underground mining cavities was estimated to be 1892 cm/s and when
distance(14.59 m) from working face to pillar is applied to a prediction
equation of blasting vibration, vibration was calculated to be 2247 cm/s.
Theoretical shock vibration when flyrock with maximum particle size(Fio)

collided with the left sidewall of pillar, was calculated to be 16.96 cm/s. It



indicates that 75 % level of vibration against the blasting vibration prediction
equation. As a results of numerical analysis, maximum value of blasting
vibration at pillar was 32.67 cm/s, which highly indicates against blasting
vibration prediction equation. Maximum shock vibration obtained through a
numerical analysis on the time when flyrock collided with pillar was 15.22
cm/s, which indicates that about 90 % level of vibration against theoretical
shock vibration and 68 96 level of vibration against blasting vibration
prediction equation.

In comparison with the blasting vibration and shock vibration by pillar
size(width/height) through finite element analysis, blasting vibration velocity
decreased when pillar size increased from 0.25 to 0.92, variation of blasting
vibration velocity when pillar size is greater than 1.08 was slighted. Shock
vibration velocity greatly decreased when pillar size increased from 0.25 to
0.42, variation of shock vibration velocity when pillar size is greater than
0.58 was slighted. Through the equation of relationship between pillar size
and maximum vibration velocity at left sidewall of pillar, it enable user to
estimate pillar size by damage levels(Langefors and Kilhstrom, 1973).

In comparison with the prediction equation of blasting vibration through
in—situ instrumentation and regression analysis, shock vibration in case
flyrock collided with pillar was predicted to be lower, which indicates that
influence of blasting vibration is greater than shock vibration of flyrock.
However, in blasting at very near distance from pillar, actual shock load on
pillar by flyrocks is great and in consideration of total particle size and

superposition effect of shock vibration, as it is expected shock vibration to

_Xi_



pillar will increase, it should be considered as an important factor in design
of pillars. At underground mining cavities, blasting design should consider
application of blasting vibration prediction equation, theoretical shock
vibration of flyrocks and shock vibration imposed on pillars obtained through
a numerical analysis, which will contribute to increased stability of adjacent
pillars, and proper identification of the influence of blasting vibration and
shock vibration of flyrocks on rock mass and artificial structures such as

pillars, drafts and tunnels.
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Table 2.1 Comparison of blasting vibration and earthquake

Earthquake

Over underground 10km

1 Hz of below

Over 10 s,

minute unit (a big earthquake)

Complex

Blasting vibration

Ground or

inside of close ground

Several 10 to several

100 Hz

Within 0.1 s

Simple
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Focal depth

Vibration
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Table 2.2 Parameters which influence ground motion

Influence on ground motion

Parameter ftems Significant Mos(ilglr”leil?ely Insignif.
A. Delay interval O
B. Charge weight per delay O
C. Explosives type @)
Controllable | D. Burden and spacing O
parameters | E. Hole diameter and drilling angle O
F. Stemming O
G. Direction of initiation O
H. Charge weight per blasting O
A. Distance of blast site and structure O
Uncontrolla | B. Geography O
ble C. Soil type and layer depth @]
parameters | D. Rock condition O
E. Atmospheric condition O

2.1.3 B} AF 9] oy

B E S

o s LA

sy

F A

W2 Ak WA (Duvall, et al,

1963; Devine, 1996; Ash, 1973; Bicholls, et al., 1971; Bollinger, 1971; Archibald,

1976; Calvin, et al., 1975; Dupont, 1980)3} “Feke =l w2

Folth BAY gAe A gopde Ase
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Table 2.3 Variable considered in a dimensional analysis

phenomena (Ambraseys and Hendron, 1968)

of explosion

Parameters Symbol Dimension”
Independent
Energy (per delay) w FL
Distance D L
Seismic velocity c LT !
Density of rock mass p FPL ™4
Time t t
Dependent
Ground displacement U L
Ground particle velocity u Lt
Ground acceleration u Lt ?
Frequency f 1

* F: force, L : length, t : time
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(Excavation Disturbed Zone, EDZ)

g
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E3¥3} - 7Hunsaturated zone)©]

(disturbed zone)



HhEA- g oo S WHAE dehllE EALolth of7|A 343 ¢ o (failed
o] Mo gHE HAs] HEd dHolx, <7499 (damaged
zone)< P& 7F WAste] WA ¢ fHa, FATY SVF T3 22 dnkE

geol FAl Wy sk ool ek o (disturbed zone) =&l &%

Figure 2.3 Conceptual model of EDZ.

disturbed zone
(rock not weakened)

damaged zone
(rock weakened)

failed zone
(slabbing failure)

J1

Figure 2.4 Property and range of disturbed rock zone around cavity.
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Backblom and Martin(1999), Tsang et al.(2005)2 EDZ(Excavation Damaged
Zone)= Aot & SAC & WHIHFHHEREY) 1 order ©]d S7HE o6k
FEgetd. =3t WM3zlrl wrAdsts -7F EdZ(Excavation disturbed Zone)® 4
2 o8t - x| g} ek A Wste] o7t AskyE frEe 5o WE) gl Atew RS
of Aoz v Utk

Faquan Wu et al.(2008)2 |53 7Ivet &9& T3] <48 o4 HYE 54
ste]  EDZ(Excavation Damaged Zone)E ESDZ(Excavation Slightly Damaged
Zone) ¢+ EHDZ(Excavation Heavily Damaged Zone)= Al £3} %t}

Figure 2.5% EHDZ, ESDZ, EDZ, EdZ¢] EA%=E& HoFr)

Original Slope Face

Excavated Surface

Figure 2.5 Sketch showing nomenclature for the EHDZ, ESDZ, EDZ and EdZ.

EDZ9] A= 299 (Aspo and Stripa mine), ¥ ¥(Tono and Kamaish mine),
v =H(WIPP and Yucca Mountain), 29 2~(Grimsel and Mont Terri), 7}v}+tHURL),
Wl 719 (Mol), % Y(Asse mine), Z# ~(Tournemire and Meuse/Haute) 12|31 ¥
HF=(Okkiluoto research tunnel)& >33 W& viaol|A WA #H71E A8 A
sk AAAd e e AT F=A T oshuelty o] XA EDZ AT EFE f2
Az @& =Fol vgtHCai and Kaiser, 2005 Dale and Hurtado, 1996;
Emsley et al., 1997; NEA, 2002; Tsang et al., 2005; Backblom and Martin, 1999;

_16_



1998; Simmons and

Price and Bauser, 1985 JNC,

1999;

Baumgartner, 1994).
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sh o] UERd 4 tH(Figure 26).
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shel 47
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explosive column

Fo

Xi
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Figure 2.6 Integral calculus for stemming length to calculate particle

velocity on voluntary observation.
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Figure 27< EDZ ¥t Aobd % (charge density) AFele] #A|A o] glthar
Pusch ¥ Stanfors(1992)¢] 218 t}2 2 (2199} 22 Az @A 2 o] A|A = ATt

S=2.0xQ"? (2.19)
o714, 8= EDZe W¢ (m), Q= A3k (linear charge density, kg/m)

olth. HejFFel Fopdiniz 022~037 kg/mel EDZ d7Afe] Hufol A o 58
EDZ %€+ 0.3~06 molth,

50F~ 1 . I (. S Jo -

40___El Sjoberg (1977) __:_____l____:_"
' o 1978 - '

- Andersson (1978) A LB A

A Pukkila (1990)

1
2o |- | o o ForcIT AB K
- @ Jokinen (1990) ! |
1
I
H
]

Depth of the damaged zone (m)

0.1 02 03 0.5 L.
Charge (kg/m)

Figure 2.7 Influence of the charge density on the damage zone.
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SVEDEFO(Swedish Detonic Research Foundation)o]*] JE&HEE o =38}
Aol th 2 (22007 o] A 9FE 2 tHOlofsson, 1988).

oﬁ

QO?
V'="700x (2.20)
R'?
A7 A, Q= AEFId e (kg/m), Re 717 (m)o]t}.
et o] YASEERYH P EA4GGY WHE dSche wWyel g A&
a1 ot olegt AHEL YA YAFEEFH dFH ZoE FHEd &9
A SAE JAEFELES o]&5tE dTEe] HE T g Folvt
Langefors®} Kilhstrom(1973) 2loldala] &2 BHYe 4% 3048 cm/s2] %

F& oA Hule] ¥MAISa(Table 2.4), 61 cm/solA] A2 o] WA Fria
st T Bauer®t Calder(1970)% 299 -9 254 cm/s ot A& o} F-d o
o] MFAE}X| ¢Fom 254~635 cm/solA AT Ho] LAy A FEal 63.5~254
cm/so A ek I dn v wE ddoe]l wrAlsh, 254 cm/so A ¢bRke] 1
7F A ReaL Sel .

Table 2.4 Damage levels from ground vibration as a function of peak particle

velocity of ground motion near structures

Peak particle velocity
Nature of damage

(em/s)

30.48 Fall of rocks in unlined tunnels

19.30 50% Probability of major plaster damage
13.77 50% Probability of minor plaster damage

7.11~8.38 Threshold of damage from close-in blasting

508 Safe blasting criterion for residential structures
) recommended by U.S. Bureau of Mines
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7h lenz uagdt St koA H4 e ojfom Apddth mEtd dnkH o
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Hojul AR =AM et o] BlEeith. wEbd AL Lo v A (2.25)%

L=V, (2.25)
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Figure 2.8 Charge and maximum flyrock distance by bench blasting.
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L=143¢—28 (2.26)

714, Le HAdulaAg(m), ¢= HlZokak(kg/m’)olth(d 09=¢=02 <]
Data).

1

T VAY A$ uAe AyAozZA FZFAHDupont Inc)E e A (227)%

A A8kl odth
V=34(LD) " (2.27)

G71A, Vi Ao waEm(m/s), LDY Eok @elEw @) A4Ew(1t/ke)o]
o

%@, 2999 SVEDEFOS <ol o)sha wlael Ao waALdE g A
(228)3 2] Wty A7t G5 BACI

2
3

d

25>

L. =260( (2.28)

A7, L= H ) vlAEA R (m), d= Eobge] 27 (mm)o] v},

2.3.2 H]A 9 9
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A% o

1

=
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r f

() 2581 2A9 987 JuAe] nE
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R

T AdE F9 fAddA E()E HakA el el 72l Dim)o A el HdjzleE
S5 PPV & w 2 (235)8 ZHsHATH

D

\/_f) / (2.35)

PPV=K(

Hebdd, Jelgdel s A dESEE wAEY SEARAeN B

E=mgh (2.36)
AVIA, me Ao A% (kg), ¢ FHNEE (=98 m/s), ki ¥ Eo
(m)o]t},

EF, FUelA BEAoR Abgshs SAEY oS5 4 2379 AN A
&3k A4 (237 MAPerkin (1989)0] A¢Her AodHcez 15 dAFa2d 22

By wEld 9% 7 BEd 2AqUALS Fa A s
V=(—==)" (2.37)

A7A, Ve HQAESE (mm/s), d= 7 FHew ¥H A (m), K=
Al FUE el GRAFEA FAQEF] WASE B9 Ed we
B A9E 05 Uel, Au 2L Pl Aol 08

a1
~095 A&stH (0.0~1.0), E= FAL A&7 Gopxo], Sino] o8 ALtd
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ZAoldA (1), n& BEAGF (<05 A&o] dukA)oltt.

g FHUAE v 4 (238)3 o] At 4 itk

1
E=mgh+ §mv2 (2.38)

I71M, me witd Eulgke] A% (kg), gt FEHEE (=98 m/sh), ki Il

waha A A A et FHe] o8] Ao

#
g3kel 2L AT TR A AL Fsheol

A, B APdAE Px
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ol
=

31 A4

FHFigure 3.1) 224 #AF o

-
Rl

A
2

A
2

ol

"k

H

N25°~35°W

Agetoe =z 25~

T
R

o}
~

14 A,

AT FAH, Y

84 Aol
o] ¢ vl FAIHol Sick(Figure 3.2).

ol
=

27t &

b 1-2-3ell M A g-s ol vt

tel 1-2:3 S, 5

S

AT A= A

;00
e

_70

Figure 3.3 “}eUIA Tk
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Detail drawing of

lower 3 level

NS
3 Middle Level M\
2 Middle Level N\
— 1 Middle Level =

410 mine

1 Lower Level
— 2 Lower Level

— 3 Lower Level

Pillar

O

Study area

-+~ =

Figure 3.1 Mine map of study area.
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Dikes

-Intrusion-—
. || Jurassic o .
Mesozolc era . Jecheon granite Daebo granite
Period
-Intrusion-—
Carboniferous (Gabsan Pyeongan
period formation Supergroup
Paleozoic )
~unconformity ~
era
o Choseon
Ordovician Yeongheung
. . supergroup
Period formation

(Yeongwol type)

Figure 3.2 Geology genealogy of study area.

Figure 3.3 Pillar of study area.
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32 2d5A A

¥ oATAN e 2P R o 3aelA FAYFel NASW Fael AN AR
el Aelg xAe th(Figure 3.4). 443 189/72, 161/40, 270/63%1 Al 7§ o] =+
EEENIET R

Figure 3.4 Survey of discontinuity.

B e Aarerakal A ARzE

7]
RocscienceAle] Dips Ver 5.1& AFg3sto] EAd&5mH9] wekd & shetsl 3 th(Figure

3.5).

Table 3.1 Distribution of discontinuities

Sort| Discontinuity | Dip direction Measurement
Distribution
Location set / dip number

Joint set-1 189/72 226~163/83~61

Lower
Joint set-2 161/40 229~126/69~21 38

3 level
Joint set-3 270/63 326~214/83~49
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Fisher
Concentrations
% of total per 1.0 % area

0.00 ~ 1.50 %

1.50 ~ 3.00 %
3.00 ~ 4.50 %
oint set-2 450~ 6.00%

6.00 ~ 7.50 %
7.50 ~ 9.00 %
9.00 ~ 10.50 %
oint set3 10.50 ~ 12.00 %
12.00 ~ 13.50 %
13.50 ~ 15.00 %

No Bias Correction
Max. Conc. = 14.4987%

Equal Angle
Lower Hemisphere
38 Poles
38 Entries

Figure 3.5 Pole-contour diagram.

33 AU

AAS 4 AL ISRM(International Society for Rock Mechanics)e] ot

o
B3 ASTM(American Society for Testing Materials)e] ZEA1 @ el 2 A 5k]
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3.3.2 AP A}EA

£ METTLER TOLEDOAFY] AG Balance, desiccator
gte] F-3FAtHFigure 3.6). 2382 & 53 & AAS

oA
o, I3 A3}
H| e 2680~2711 g/em® W E E¥sW B 270 g/em’olx, F4EL 014
3~0247% W2 H¥an Hit 0.195%, EIES 0410~0666% WHE RId)

w Bt 053Hp% 2 FA4HACH

Figure 3.6 AG Balance.

@) B4 AEE

g3t A3E5 5 OYOARY] New Sonicviewer® P3¢l Szhe] A& =g 4-3)
ArHTFigure 3.7). AL & 6315 HAste] Pyl Auj& R 4683~5475 m/s 9

= b i 5163 m/solal S3p Hm

i
!
off

£wt 2568~3231 m/s WY E B
W it 2832 m/sE ZA =
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Figure 3.7 Sonic viewer (OYO Inc.)

d=d=d e s A &AE 7] (Universal Testing Machine, UTM, Model No.

KPUT-100)E Ak&3ste] -8 th(Figure 3.8). A48 &5 33 & A5

SERE

7= 823~967 kgf/em® W92 B ¥an] B3 912 kgf/em’s =4 ¥ Qo)

2

.
-
-
-
-
-
-
-

Wowae

Figure 3.8 Uniaxial compressive strength test.

(4) e A

B AGE AEREAE Al TH R} AFAPAG] B2 CASAHe] ~

[t
=,

o] Alo)X|E E& VISHAYAFS] Portable Strain Indicatorol] 4] €12 = Whgk

o
£
otk
it

> -

S Vo] FetHtHFigure 3.9). Ad@Le & 332 AAsle] @AAFE 361~

384x10° kgf/cm® M9z Ry 3 373x10° kef/om’z = 59t}
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(5) Z o}
ZolFH = AP FEgE CASAHY] 2EHQ Alo|AE &3] VISHAYAS
Portable Strain Indicatorel A €12 3 wWak W53 = Wk

gk A¥e F 38F AAse] Zotgu

02612 5745 At.

Figure 3.9 Strain gauge and portable strain indicator.

6) I AT=

Ao AF == Steel loading jawell QA FHHAL  Ho

10

s A EAl ]
(Universal Testing Machine, UTM, Model No. KPUT-100)& A}-&3}o] s}t

(Figure 3.10). A&e = 332 AAdd dAFAEE 98~109 kgf/em® W=

Rysw B 104 kef/em’z =459}

Figure 3.10 Steel loading jaw and Brazilian tensile strength test.
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(1) A=eh=57ds

HEGEREE AEES Call] NGRS a4 BAEFA A 50, 100, 150
kgf/em’el $9re bste] WEARA WG AESe] A7e AEAFFES Tl

A tHFigure 3.11). A8e % 355 AAlste] B¢o] 50 kgf/em*e wji= 1234~
1321 kgf/em® W92 ®xsbw H 1276 kef/om®, 2-9re] 100 kgf/m’*d wj=
1664~1891 kgf/em® W91z ®xshw Hw 1761 kgf/em® 285 E-<to] 150
kgf/cm?e] w:= 1978~2130 kef/em® W9z R ¥sn g7 2062 kegf/em’z =4
H At

®) A=te, wpzzt
g vpEzte dEUsAE AsdadsdE, dFAEFEE RocscienceAt
Rocdata® 413t A3} = zte

kgf/em’ 2, U FwlA7he 480~49.7° WY R R¥shd Bt 487° & Bl

U Table 32+ 2AMA 99 Fo AWAY 235 HeEdith
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Table 3.2 Result of laboratory test

Properties Range Average
Specific gravity
; 2.680~2.711 2.700
(g/cm’)
Absorption
0.143~0.247 0.195
(%)
Porosity
0.410~0.666 0.535
(%)
P wave
4683 ~5475 5163
, (m/s)
Wave velocity
S wave
2068~ 3231 2832
(m/s)
Uniaxial compressive strength
) 823~967 912
(kgf/cm?)
Young’s modulus
361~384 3.73
(x10° kgf/cm?)
Poisson’s ratio 0.241~0.279 0.261
Brazilian tensile strength
) 98~109 104
(kgf/cm?)
Triaxial 50 kgf/cm? 1234~1321 1276
Con.
compression test 100 kgf/cm? 1664 ~1891 1761
pres.
(kgf/cm?) 150 kgf/cm? 1978~ 2130 2062
Cohesion
, 177~192 186
(kgf/cm?)
Internal friction angle
48.0~49.7 487

(")
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3.4 g7t

SibE b= el EE5E 2Abek Auldd AuE EuE 2 A7AAA RS
oF 3% Yok el Wis] RMRI Q-system F7PH& olgsho] 13]e] A AA
2 A1 HFigure 3.12).

Figure 3.12 View of rock mass classification.
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RMR SIebHE/FH2 1972~1973de] Z. T. Bieniawski <& A|Qt¥]glown,
Lauffer(1958)2] FAx ¥ @A 7F EF o]y} Wickham 5(1972)2] RSREFH -2

Azz ATFLT RMR RREe 4 ansd va 7t wmg 499,

B A3, FHdl 7bs & 8 Hul FAR F 5o o Fo] Jhesta, ke
oA AEY 3= dSe] ZhesiH, Hd s BEdSue] WS el iy
g 4 9tk RMR ¢ebEFHA ey s aas gAY dEsa574ns, EAF
(RQD), &5l 114, EAE5EY A, A8t AW ¢ 57FA 24 #7}
T3 EASW B BEY ek AAlo] gt nA grow et obH e b5
4w Hste Al d(Point load test)olvt AEA AFol] o) Faix, WA a4
B A TA] o8 o] Folxitt

B AFAGE ARG A3 AnE 70~764, B35 T2~74822 Mswol <

Table 3.3 RMR value of rock mass

Location
Draft way Pillar
Parameter
Strength of intact rock material 4~10 2~4
RQD 20 20
Spacing of discontinuities 20 10
Condition of discontinuities 23 25
Condition of ground water 15 15
Adjustment -12 0
RMR value 70~76 72~"74
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3.4.2 Q-system

Q EHWe 197149 w==Z9o] NGI(Norwegian Geotechnical Institute)®] Barton,

Lien, Lunde ol & AEE e, RQD, dfxel +(J), 7P ez v

Ay BdE5Hel ARV, HoF dejde SHE £F HAAHE()), ATy
o AE(]), 8 ZASREY Z+74e] HEE Fodte] o] FEL e 4
B.Dell At Q#Fe skl 1 gholl g8 ¢HEe HA g
RQD J.  J,
= X — X
Q T 7 SRF (3.1)

29 Ha-Ad e 2FPS @ 10° ~ 10°(0.001~1000)AFe] o] 3t
SE o7t AHAHA &L k2 4 (32)e st S

RQD=115—J, (J, =n, +n,+ng---) (32)

J, e w oy, 2 WEE 1 mae] A S F 1 m'ge Bdsve] o] Hfolm

J,7F 45018t wlE RQD+= 1000t

B APHHe A A3 Q-systemo] 93 OubREF A3 AR 166~504,

T = o

pillar+= 33~100FH 22 M~ N-G5weo] odEtHTable 3.4).
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Table 3.4 Classification of rock mass by Q-system

Location
Draft way Pillar
Parameter
RQD 100 100
I, 3.0 3.0
J, 15 3.0
I 1.0 1.0
S 1.0 1.0
SRF 1.0~30 1.0~3.0
Q value 16.6~50 33~100
(note) 1) @= Rng%x;—‘éF: %X%X%:SO, Q= %x%x%:m.s
2) Q:RQDXiXiiﬂXﬂxﬂ_o 100 30 10_ .,

= =100, Q=——X
J, J, SRF 30 10 10 ’ 30 10 30

n a
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a [8) [®] 8] O T
o e} @] o] O Q @] o]
Q o]
o] [}
o] O E
o O o] a It}
@] o}
o] O
O O €] o O @] ¢] o
@] 0] Q o] O L

6~10m |
|

(a) Drilling pattern

IP6e o—oﬁo e LP6
® ®
® LPO ®
® ®
LP5| LP4| LP2 LP2 | LP4 | LP5
IP6e e e o e LP6
LP3

(b) Detonator arrangement

3.8m

3.5m

(c) Cross section

Figure 4.1 Standard blasting pattern.
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412 B9QAF AF

AF-A S A AEe Wk Figure 419 AF 2 A3l o= 735 S35}
718 AbESte] Bl H I 22~242 me] Aol FH8%

H(Figure 4.2). #3xs AS2A3 F 26709 ARE F55192™ Table 417 2

t}.

Figure 432 A7A99 WE2RE 47 mAHA FHE Tods AR

s Jep o,

28,
l

o
ol
A
e
o
b
Ay

i

Figure 4.2 View of blasting vibration measurement.
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Table 4.1 Results of measurement

PPV Charge Distance
NO.

(cm/s) (kg/delay) (m)
1 1.23 34.30 102
2 2.86 34.30 85
3 4.37 34.30 32
4 8.53 34.30 22
5 1.22 34.30 124
6 1.54 34.30 111
7 5.52 34.30 71
8 471 34.30 61
9 0.43 34.30 163
10 0.58 34.30 141
11 0.43 34.30 167
12 0.60 34.30 123
13 4.85 34.30 47
14 2.64 34.30 65
15 1.49 34.30 72
16 141 34.30 90
17 1.19 34.30 9%5
18 1.16 34.30 105
19 0.91 34.30 110
20 1.09 34.30 80
21 0.34 34.30 157
22 0.27 34.30 227
23 0.56 34.30 239
24 0.43 34.30 242
25 0.57 34.30 138
26 0.47 34.30 147
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Peak Particle Velocity (cm/sec)

T T T T T T T T T T T T T T T T T T T
-200 o 200 400 G600 00 1000 1200 1400 1600 1800 2000

Time (ms)

(a) Transverse

Peak Particle Velocity (cm/sec)

T T T T T T T T T T T T T T T T T T
-200 o 200 400 G600 00 1000 1200 1400 1600 1800 2000

Time (ms)

(b) Vertical

Peak Particle Velocity (cm/sec)
|

T T T T T T T T T T T T T T T T T T T T
-200 o 200 400 G600 00 1000 1200 1400 1600 1800 2000

Time (ms)
(¢) Longitudinal

Figure 4.3 Vibration time history of measurement result (distance = 47 m).
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4.2 MAAY 54

B ATA Gl DupontAtol Al AIAEE VAL - HA el AEA 4 2202
o]-gsto] HAFELES okl 4 225)F F3 ol &4 HAAYE AFA Sl

Table 4.201 4 o] &2 M2 AEE Figure 449 22 AR o). A4 =

0.8m
0.8m
0.8m
0.8m

1.2m

3.8m

2.4m

Figure 4.4 Detailed drawing of V-cut.
A7) Eol=12m, A YE=2.7ton/m? ZoFeF=3.43/F <10¥ = 34.3kg
F2 2 wkm = (2.4 X3.2X3.5) X 2.7/2 = 36.288 ton
w9kt A A EF LD=36.288/34.3 =1.05795---= 1.06 ton/kg

Ak V. =34(LD) % =34(1.06) *® =33.02371---= 33.02 m/s

HAbAR L=V, v2h/g=33.02x v/2x1.2/9.8 =16.34066 - -- = 16.34 m
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Table 4.2 Throwing distances of flyrocks (unit : m)

No. Theoretical distance Measured distance
1 16.34 31
2 16.34 35
3 16.34 33
4 16.34 53
5 16.34 49
6 16.34 34
7 16.34 16

43 FF) AANF =4
431 B9e Mg #HAAE

AEH L7 HANATME] ASA el w3t AT RIA)IA Z2Ed 395
Az AEAE ZAZ PUFFE WTUA YD WASE Fw
A EAE AAs Az ke 19 Z¢ WEHRE 0660 mm/daye]a HE

Ry

9lee 4330 mm, ¢HEF M9 A9 1.064 mm/daye} 5301 mm, ¢rukS+F 1M

T

lo

4

7% 3469 mm/day¢} 14950 mm, ¢iteF Ve 79 5067 mm/day$l 26370
mm, ¢MF5F Vel A% 7465 mm/daye} 63630 mmoF FANH QYU FAER
TAE #ET)FEAA A= Type-19] HEITUE W% 5 mm, Type-2= 15 mm,
Type-3% 30 mm, Type-4& 40 mm=& A8k Qlrh

WA BT WV ES BREZA BelEe H e
432 W97 AA

AFAY AFFE) Wb BT WPL Fohry] Sla] Wwe) FYF(e]

FH OHAA Tolst et A =XWde FHAAHCISRH MAA Oolzt
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el FF A, T, sty

A+ rod extensometer(ER-4 m)® Zo]7} 4 mo]al 1 m FHAvYy 57 AlA7)
Zhe o] glo] b xbE W RE S49 5 UAoh(Figure 45). MAle] A A9
A2 A7 L Figure 4.6, 4791 Yt en, M9l 7= Table 4.3¢] e}

ATH

L o 4

Figure 4.5 Rod extensometer (ER-4 m).

RS

Excavation direction

25m

Measuring point

collar () (a) (3) 2 D)  Bottom
e ————————

1m 1m 1m 1m

Figure 4.6 Installed location of rod extensometer.
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(a) Rod extensometer— 1

Table 4.3 Sensitivity of rod extensometer

Figure 4.7 Installation of rod extensometer.

(b) Rod extensometer—1I

Sensitivity (V/mm)

Location Point-1 Point-2 Point-3 Point-4
(4 m) (3 m) (2 m) (1 m)
I-A 0.037540 0.037545 0.037560 0.037520
(top column)
. I-B 0.037545 0.037590 0.037555 0.037525
(middle column)
I-c 0.037555 0.037570 0.037550 0.037525
(lower column)
I- A 0.037530 0.037550 0.037560 0.037515
(top column)
. - B 0.037585 0.037590 0.037580 0.037555
(middle column)
I-c 0.037540 0.037565 0.037570 0.037580

(lower column)
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+ 34 tH(Figure

AL &3

=
=

& Tunnellyzer M5 indicator

171 4

Xé 3|

=
=

A%

4.8). o] 717]

Goe,

1 91 A ol A

T
R

(4.1)

DAty

~H

Figure 4.8 Tunnellyzer M5 indicator.
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43.4 @5 AdF 54

(1) WA~

[-AclA 1544 m=]4)e] HY&FL 0266 mm, 2533 mA )L 0346 mm,
35742 mA )& 0.293 mm, 43 (1 mA )L 0.266 mmo|t},

[-BelA 1534 mxz)e] ¥ %L 0586 mm, 2533 mA5)S 0.267 mm,
35742 mA )L 0.347 mm, 43 (1 mAH)L 0.240 mmo|t},

[-ColM 1534 mA7)e] H9 %L 0427 mm, 22343 mA )& 0213 mm,
3274 (2 mA )L 0.266 mm, 435 (1 mA5)L 0.213 mmo|t},

[-A2] WY& 0346 mm o2 FHEad L, 1-Be ¥9E FHsltbr) b4 A
2 % 8 A Al °F 05 mme] W7} AT} o] & Hatslon, 1-Col W
e St A 3 229 A3 A] 0293 mme] W) dAysitr) stk

HAA- Tl ST M9 32 FAL BE|7)E olshe] M) wAsiath

ot

2.0
i —=— Measuring point - 1
15 4 —e — Measuring point - 2
’ Measuring point - 3
1 —wv— Measuring point - 4
1.0 4
g 0.5 -
E
é 0.0 4 "ﬁ"\"'*vsv:r ESBE SR R E SR EE o : Lt s
[(H]
&}
& -0.5
O
0
= -1.0
-1.5
-2.0 T T T T T T T T
0] 5 10 15 20 25 30 35 40 45

Measurement days

Figure 4.9 Displacement of extensometer I -A.

_58_



Displacement(mm)

Displacement(mm)

2.0

—=— Measuring point - 1

—e— Measuring point - 2

45

el Measuring point - 3
1 —v— Measuring point - 4
1.0 S
0.5 4 = N =
4 _-_.}flflfl‘.,l‘.,.,.,lfl‘. x
0.0 | #94F4F0F w0 »
) \1#4:;1:%_434:&‘%‘!" X * ¥ L 4
-0.5
-1.0
-1.5
-2.0 T T T T T T T T
0 5 10 15 20 25 30 35 40
Measurement days
Figure 4.10 Displacement of extensometer I -B.
2.0
1 —u=— Measuring point - 1
15 —e# — Measuring point - 2
’ Measuring point - 3
1 —v— Measuring point - 4
1.0 S
0.5 4
i N s el S [ F
0.0 El’132‘-'5‘1’7:LQ:#‘4,;§§>v<v<::r:!::::::::]:: - s i <
-0.5
-1.0
-1.5
-2.0 T T T T T T T T
0 5 10 15 20 25 30 35 40

Measurement davs

Figure 4.11 Displacement of extensometer I-C.
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(2) M9fA I

O-AclA 1534 mA )] e

3542 mAF)L 0.239 mm, 4541 mx|4)L 0.160 mmo] o},

< 0346 mm, 2533 mA]4)L 0.

213

O-BollA 1544 mA]3)e] W9z 0346 mm, 253(3 mA/5)< 0.187

3Z4(2 mA| %)L& 0.187 mm, 4= (1 mAF)E 0.160 mmo]t},

O-CollA 1544 mAz)e] A

3542 mx] )L 0479 mm, 42(1 mx]3)L 0.372 mme]t},

O-A+ 0346

73 Al 0134 mm W w5

mm O]LHE TDO]'}\}\-L I-B+ ‘T‘%O}Q'ﬂ' ]:E‘(Hﬁ] /\éi]

£ 0293 mm, 2=74(3 mA )& 0.

346

ko3
T

Az %229 743 A] 0.240 mm

mm

124

19

b A 5 et I-Co Frdstzt AARhH] 22952 0267 mme] Hej7}
A 5 stk
M A-ToIA SR A BFE2TA HeY)F o] WMol BAHAh
2.0
—=— Measuring point - 1
15 —e— Measuring point - 2
’ Measuring point - 3
—v— Measuring point - 4
1.0 4
i v_'_v/vxvafvzvx‘u'fY’V’Y’V’V’V’V ¥ k2 v v v
g 0.5 oo e®ss2py-0000, 4,0 . o - 'y =
L :
@
O
& -0.5
O [] " ] | ]
2 I T T T B R S
= -1.0 H
-1.5
-2.0 T T T T T T T T
0] 5 10 15 20 25 30 35 40 45

Measurement days

Figure 4.12 Displacement of extensometer II-A.
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Displacement{mm)

Displacement{mm)

2.0

—=— Measuring point - 1

45

15 4 —+— Measuring point - 2
’ Measuring point - 3
1 —v— Measuring point - 4
1.0 4
1 ._._.,-\,/o\.\‘/tﬁ.,044\,,.44 & - - L
0.5 + rv-y»vafva\v /va""""’v“va". i = =
0.0 4
] o N
-0.5 - p-g-E-E-E-E H-5-E-E-E-E-N
1.0 4
-1.5
-2.0 T T T T T T T T
0] 5 10 15 20 25 30 35 40
Measurement days
Figure 4.13 Displacement of extensometer II-B.
2.0
J —=— Measuring point - 1
15 4 —+— Measuring point - 2
) Measuring point - 3
1 —v»— Measuring point - 4
1.0 4
0.5 4 4
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Figure 4.14 Displacement of extensometer II-C.
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5.1 W% ALY L o=

X

Table 4.1¢] AAAE gte BFAEHd s JALs Ko nd 73t 918k

AN EE e s AYY BEa-27 T T HoA 13 ABBAE Holx EA

o

i

2 olgsly BAAE Y ZES AHRE o dF4e v 4 (G1), G2)%
Zr.
1) A5
D —1.52
50 % AlE s V= 89~98(W>
D —1.52 .
9% % A FHFE V= 177'11(\/W> r? =0.83 (56.1)
(2) AE
D —1.52
50 % A F 45 V= 220.36(W>
D —1.52 .
9% % A FHFE V= 433.72(W> r? =0.83 (5.2)

2 (5.2 A2 50% 9 B% Y AFHFEY Aoz K g2 50%7F 89.98, 95
ARAFGE 08302 et}

2 (62)= A 0% e 95% & ANEFEe] Hoew K g2 50%7F 220.36, 95
2ol 2

%7y 177.11, n %2 525 -1.52 71ga1

%7} 43372, n T EF 152 1 AAF)E 0.8302 ey},

Figure 513 52% 77} Aed3 2o FAAR S deHE99] AAE vE
W= 9ol
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Figure 5.1 Relationship between peak particle velocity and

square root scaled distance.
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Figure 5.2 Relationship between peak particle velocity and

cube root scaled distance.
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Figure 5.3 Estimation of damaged zone.

53.1 d 9% #£4 »d

B AT g A8 ¢ 183 2922 Schuhmann model® Rosin -

Rammler model2 ©]-&3} 3t}

(1) Schuhmann model

Y%volume < sizeX =100 (X/ TOP)™ (5.5)

o714, TOP: top size, me A &0 th
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(2) Rosin-Rammler model

Y%volume < sizeX =100 (1—exp(—0.693(X/X50)") (5.6)

o3 7] 41, X50L 50% &2 A7), nd 5ol

53.2 #4145

B A3E gdds 42 Split EngineeringAt2] Split Desktop2- AF&3F%t}
(Figure 5.4).

AT7AY AR et & I YE 4 A7 Rosin-Rammler model 2 Schuhmann
model®] vt 33 Y E(X50)= ZFZF 1858 cm 9 20.68 cmo]™ Schuhmann model

N

o] ul&] Rosin-Rammler modele] ”#=099% Az oz = AuAL 7x=
o2 BEAEA, FALA HA FACH st 22t

A= 1757 cmolx Hul Y5 4983 ecm P 14 ¥ 9 tH(Figure 5.5,

Y

YR At B

lo

Table 5.2).

(a) Fragmentation (b) Digital image processing

Figure 54 Digital image processing of fragmentation.
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Figure 55 Cumulative size distribution curve.

Table 5.2 Results of fragmentation analysis

P e

RosRam model Schuhmann model
Uniformity X0 R-squared Slope X0 R-squared
1.95 18.58 0.9914 1.32 20.68 0.9319

Top
Fio Foo Fo Fao Fso Fso Fzno Fao Foo .

size
7.63 1043 | 12.80 | 1512 | 1757 | 20.36 | 23.61 | 2303 | 35.86 | 49.83
cm cm cm cm cm cm cm cm cm cm
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Fo FEIAS 9 odEF
Fso, Feo, Fro, Fso, Fao, Foool 4]
Ao A9} FAZEL Table 5337 o] AEE Ut}

Ul s r] 2% oubeAre Langefors € ol B o3 ATFHE
gom 1 7]Ee o 254~100 cm/sol A kel o] dojwtrial WaiE o] gk
CH(Table 2.4). 2 (237 93] 5% 2 ES 6.94~1696 cm/s9] W= &
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Table 5.3 Shock energy and shock vibration with fragmentation size

Fragmentation size Shock energy Shock vibration
(cm) (J) (cm/s)

Fuo 1512 2,723 6.94

Fso 17.57 4,272 7.76

Feo 20.36 6,644 8.67

Fao 23.61 10,364 9.69

Fso 28.03 17,337 11.02

Foo 35.86 36,306 13.25

Fioo 49.83 97,416 16.96
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6.1 Ruto] 2|3 FAstF 4HA

6.1.1 st Eqgtel 44

2 ATl 4= National Highway Institute(US, 199Dl A1 A AIgE A (6.1)& 2§

shel wstel o BHFFS AL

418 X107 "X p, X V3

e 1+0.8p, 6.1)

4714, Prz %oF lkgd WorEygre(kbar/ke), pi= EofulE(g/eo), Viz %

2 (ft/sec)e]t}.

S A (6.2)% EIkA] Ak FU] 4EY AVE AYste Aoz FHE

d
o) 62)
d, /
A7 A, Py FoF lkg swol aahs e (kbar/ke), dz o, d,=
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2 FalHe A A ZAEH] A E T e Atelg e s A wkg sok

wohahE e FASFoR AT/ A3 A AFFFEF T wuigry x

| Zo] & A AL Zolg A3 Starfiled et al.(1968)0] #|¢tslt 2 (6.3)2 o]

— Bt

V2

P, =4P; X% {exp

— exp(— \/§Bt)} (6.3)

714, BE 845 (=16338), t&= wrate] o]gh sl x| & A)7ho|t},

6.14 571 3 A3

veol wshd o /g, o gelel #Hdqe) B vHle] 4§58 Ao 7}
kel rhel WHEQ PE ete] Abgahs Zlo] dubdelt.
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2 oAF-9] 3|4 o= Rayleigh Damping2 =392, Rayleigh Damping A5~
ol a, 5 s WHE A (659 #o] kRt Damping Matrix C+ Mass

Matrix M# Stiff Matrix K& Ve 4 9th

C= oM+ BK (65)

3714, ax= A" Zav](Mass Damping Ratio), [+ A 74 v](Stiffness
Damping Ratio)°] t}.
U= A A] stA 74 H](€,, Critical Damping Ratio)® 4 (6.6)3} o] A<]

ZV4: %= (w;, angular frequency of the system)®] @&o = el 4= doh

a—{—ﬁa)? = 2w,f;
_1l[a
§ = 5 (wi+ﬁwi) (6.6)

AN, §E Cuinl® ATSE A F 0% AAMNA Lo, Omin, @, 0 BAE
Sk 4 (6.7), (6.8), (6.9), (6103 2.

Smin = (67)

Va o 3
.
Whin — \/; (68)
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oM e BAARES A&t FaAe Fdsal, AAxde AAEA
g A g5t 5 dH(node) 99671, &4 (element) 1864715 AR5l o, 3-oF

9 J|Eor wAFE BIEE B ohie Wotz @ el FFE F43
He Wel Ee AN FAHNHE SRt

FA A AFEE AW A EGAE Table 616 WU, 3} HAEA o 9]

’

Table 6.1 Input parameters

Rock v, Vs Dynamic Young's Dynamic
type (m/s) (m/s) modulus (kPa) Poisson’s ratio
Limestone 5163 2832 29,850,000 0.26

Table 6.2 Shock pressure by flyrock

Maximum Mechanical Energy Shock
. . Volume .
fragmentation size energy (m®) density pressure
(cm) ) (J/m®) (MPa)
49.83 97416 0.065 1503805 77
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Figure 6.4 Loading curve of time-pressure in pillar.
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ekl R E 458 Figure 659 YeERfSle

Y
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TEE BAZY 3 F FAS5UdAM X WI JEHEe G Face 1&
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ek 2l =21 0) A9 Face 12 565 om/s, Face 2¥ 2.06 cm/s, Face 3& 1.89
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Figure 6.5 Contour of maximum vibration velocity.
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Figure 6.6 Vibration velocity of left sidewall in pillar.
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Figure 6.7 Vibration velocity of A-line in pillar.
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Figure 6.8 Vibration velocity of B-line in pillar.
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Figure 6.9 Vibration velocity of C-line in pillar.
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Figure 6.10 Vibration velocity of right bottom in pillar.
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(2) M9

FABNAAAR] FF H58W, A, B, C-Line, F5 $-Faleol Ao Al7te] ©&

Hel HA A FF FS5HoA X Wk wele] 4% Face 12 1.392 mm, Face
2% 1413 mm, Face 32 1409 mm, Face 4+ 1391 mm, Y w3k ¥ H5
Face 12 0.185 mm, Face 2% 0.159 mm, Face 32 0.166 mm, Face 4+ 0.182
mm & A = LT}

A-linedl Al X wWaF WHele] 79 Point 12 1403 mm, Point 2+ 1.396 mm,
Point 32 1.385 mm, Point 4+ 1376 mm, Y ®3F W 4-$- Point 12 0.181
mm, Point 2% 0.182 mm, Point 32 0.183 mm, Point 4+ 0.187 mm & 4 ¥ %)
t}.

B-lineel A X w3 W] 49 Point 12 1454 mm, Point 2% 1.458 mm,
Point 32 1456 mm, Point 4+ 1462 mm, Y ®W3F W99 7% Point 1& 0.197
mm, Point 2+ 0.193 mm, Point 32 0.195 mm, Point 4% 0.201 mm= 4 5]
t}.

C-line“l Al X wWhaF W] 49 Point 12 1354 mm, Point 2% 1.334 mm,
Point 32 1.306 mm, Point 4+ 1268 mm, Y ®W3F W 4-$- Point 12 0.201
mm, Point 2+ 0.199 mm, Point 32 0.199 mm, Point 4% 0.198 mm= 4 5 ¢}

=
B 5 vt oAl X waF W 1.103 mm, Y ¥3F 99 4% 0.169
mm 2 A H T
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(b) Y-direction

Figure 6.11 Contour of maximum displacement.

_84_



X-displacement (mm)

Y -displacement (mm)

T
0.0 0.1 0.2 0.3 0.4 0.5

E T T y T y T T T ;
0.0 0.1 0.2 0.3 0.4 05

Time (sec)

(a) X-displacement

| Face 3
. —— Face 4

Time (sec)
(b) Y-displacement

Figure 6.12 Displacement of left sidewall in pillar.
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Figure 6.13 Displacement of A-line in pillar.
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Figure 6.14 Displacement of B-line in pillar.
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Figure 6.15 Displacement of C-line in pillar.
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Figure 6.16 Displacement of right bottom in pillar.
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LHERA AT

$1+ Table 6.3°

Table 6.3 Maximum blasting vibration velocity and displacement of each

analysis point

Blasting vibration velocity Displacement
Analysis (cm/s) (mm)
point
X-=direction | Y-direction | X-direction | Y-direction
Face 1 28.81 5.65 1.392 0.185
Left Face 2 30.49 2.06 1.413 0.159
sidewall | puee 3 30.37 1.89 1.409 0.166
Face 4 28.92 5.30 1.391 0.182
Point 1 30.11 2.34 1.403 0.181
Point 2 30.17 2.04 1.396 0.182
A-line
Point 3 30.08 2.00 1.385 0.183
Point 4 29.97 1.96 1.376 0.187
Point 1 32.09 2.16 1.454 0.197
Point 2 32.36 2.18 1.458 0.193
B-line
Point 3 32.42 2.22 1.456 0.195
Point 4 32.67 2.30 1.462 0.201
Point 1 28.33 3.15 1.354 0.201
Point 2 28.01 2.37 1.334 0.199
C-line
Point 3 27.49 2.39 1.306 0.199
Point 4 26.55 245 1.268 0.198
Right bottom 21.79 241 1.103 0.169
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Figure 6.17 Contour of vibration velocity by flyrock impact.
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(b) Y-direction

Figure 6.18 Contour of displacement by flyrock impact.
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sHAstzol AF FF A HAM HU AN EEES ML= Table 649
LHERA AT

Table 6.4 Maximum shock vibration velocity and displacement by flyrock of

each analysis point

' Shock vibration velocity Displacement
Analysis (cm/s) (mm)
point
X-=direction | Y-direction | X-direction | Y-direction
Face 1 1291 0.67 0.06452 0.01672
Left Face 2 14.94 0.28 0.07310 0.01574
sidewall | paee 3 15.22 0.28 0.07079 0.01523
Face 4 12.86 0.36 0.05982 0.01553
Point 1 3.56 0.30 0.05466 0.01666
Point 2 2.87 0.25 0.05345 0.01463
A-line
Point 3 2.56 0.22 0.05239 0.01309
Point 4 2.43 0.23 0.05161 0.01201
Point 1 4.34 0.14 0.05618 0.01196
Point 2 3.41 0.31 0.05456 0.01140
B-line
Point 3 3.03 0.26 0.05313 0.01080
Point 4 2.90 0.25 0.05239 0.01012
Point 1 2.44 112 0.04233 0.01072
Point 2 2.10 0.83 0.04152 0.01040
C-line
Point 3 1.88 0.66 0.04039 0.01010
Point 4 1.68 0.56 0.03891 0.00910
Right bottom 1.02 0.46 0.03384 0.00643
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Table 6.5 Maximum blasting vibration velocity at each analysis point with

pillar width (unit; cm/s)

Analysis Pillar width (m)

Direction ]
point 15 2.5 35 45 55 6.5 75

Face 1 | 4336 | 40.24 | 3728 | 3462 | 3248 | 2879 | 2881

Face 2 | 4769 | 4358 | 3996 | 36.75 | 3432 | 3013 | 3049

* Face 3 | 47.20 | 4321 | 39.78 | 3661 | 3419 | 30.04 | 30.37
Face 4 | 42.15 | 3947 | 3692 | 3433 | 3221 | 2859 | 2892
Face 1 8.97 8.07 7.26 6.61 6.12 5.33 5.65
. Face 2 3.30 291 2.60 2.38 2.20 1.93 2.06

Face 3 3.14 2.93 2.64 2.34 214 1.82 1.89

Face 4 8.87 7.87 712 6.43 5.94 5.16 5.30

Table 6.6 Maximum shock vibration velocity at each analysis point with pillar

width (unit; cm/s)

Analysis Pillar width (m)

Direction ]
point 15 2.5 35 45 55 6.5 75

Face 1 | 1791 | 1413 | 1332 | 1315 | 1312 | 1311 | 1291

Face 2 | 2247 | 1612 | 1501 | 1478 | 1474 | 1473 | 1494

& Face 3 | 2220 | 16.04 | 1496 | 1474 | 1470 | 1469 | 1522
Face 4 | 17.34 | 1385 | 1310 | 1294 | 1291 | 1291 | 1286
Face 1 2.75 1.75 1.10 0.31 0.78 0.77 0.67
. Face 2 1.29 0.79 0.61 0.58 0.57 0.56 0.28

Face 3 1.09 0.72 0.44 0.28 0.27 0.27 0.28

Face 4 2.72 1.62 1.03 0.65 0.46 0.36 0.36
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V1 5 Blasting vibration velocity by predictive equation

V2 ; Blasting vibration velocity by numerical analysis

V¢l ; Theoretical shock vibration velocity by maximum size of flyrock
based on proposed equation by Perkin(1989)

Vs2 ;5 Shock vibration velocity by numerical analysis

Figure 7.1 Comparison of vibration velocities predicted by various methods.
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Table 7.2 Equation of relationship between maximum blasting vibration and

pillar size
Direction Ana%ysis Equation Coefficient of correlation

point
Face 1 y=—15.292 4+ 46.55 r=0.99
Face 2 y=—18.03x+51.08 r=0.08

x Face 3 y=—17.66x 4+ 50.59 r=0.99
Face 4 y=—14.182+45.29 r=0.99
Face 1 y=—3.552x+9.52 r=0.97
Face 2 y=—1.30x + 3.46 r=0.96

¥ Face 3 y=—1.38x+3.45 r=0.98
Face 4 y=—3.71x+9.45 r=0.98

(note) y : vibration velocity (cm/s), x : pillar width / pillar height

Table 7.3 Equation of relationship between maximum shock vibration and

pillar size
Direction Ana%ysis Equation Coefficient of correlation

point
Face 1 y=—3.692+16.72 r=0.74
Face 2 y=—"5.49x +20.23 r=0.70

x Face 3 y=—>5.12x+19.92 r=0.67
Face 4 y=—23.32x+16.19 r=0.73
Face 1 y=—1.83xz+2.60 r=0.86
Face 2 y=—0.752+1.23 r=0.87

¥ Face 3 y=—0.752+1.04 r=0.85
Face 4 y=—2.18x2+2.66 r=0.90

(note) y : vibration velocity (cm/s), = : pillar width / pillar height
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Figure 7.2 Relationship between maximum blasting vibration velocity

and pillar size.
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Figure 7.3 Relationship between maximum shock vibration velocity

and pillar size.
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R
A% WE FEe
ahgi v

G)@) (2)

Pillar width (m)

()

Pillar height {m)

(1) PPV = 30.48 c¢m/sec ; fall of rocks in unlined tunnels

(2) PPV = 19.30 cm/sec ; 50% Probability of major plaster damage

(3) PPV = 13.72 em/sec ; 50% Probability of minor plaster damage

(4) PPV = 7.11~8.38 cm/sec ; threshold of damage from close-in blasting

(5) PPV = 13.72 em/sec ; safe blasting criterion for residential structures

recommended by U.S.B.M

(note) (1)~(5) ; nature of damage by Langefors and Kilhstrom(1973)

Figure 7.4 Damage level by pillar width and pillar height.
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