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G.W. Paul et al.(1990)
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D 0.4d D:

0.4d

NATM
JH
A 0.15 0.24 0.09 0.18
A
B 0.27 0.42 0.36 0.45
B Cy 0.35 0.53 0.55 0.64
c Cu 0.42 0.64 0.73 0.82
C. 0.42 0.64
D E D
E
5.5m 9Im

57 3
WELER WL m
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Bl s & &1
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Cy 19 (29 /30(35]| 0 09| 18| 04
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Cy 123135 |40 45 10 18| 36 0.8
2.5~20
cL 23 (35 30|60 12
D
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2) BogEEEt AT 0 M SEEEE ALEE
h:trarDBme

3) D: brArom
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V X Eo

loge , —0.25logE-0.85
loge , —-0.25logE-1.22
loge , —0.25logE-1.59

E.L. € Y o
m m
35

2- 20 80 2.06 0.88 0.37, 2.42 1.03 0.44

2- _2_(7)9 139 1.85 0.79 0.34 2.19 0.93 0.40

3 -_71959 219 1.82 0.77| 0.33 2.03 0.87 0.37|
-159

4 239 299 1.59 0.68 0.29 1.80 0.77] 0.33
-239

5 339 1.73 0.74 0.31] 1.97 0.84 0.36

o =279

n | -279

6 g 360 1.66] 0.71 0.30 1.90 0.81 0.35

T -300

-300

7 339 399 1.47) 0.63 0.27, 1.63 0.69 0.30
-339

8 -369 429 1.40 0.60 0.25 1.55 0.66 0.28
-369

9 -389 449 1.36] 0.58 0.25 1.50 0.64 0.27|
-389

10 419 479 1.36] 0.58 0.25 1.52 0.65 0.28
-419

11 474 534 1.37| 0.59 0.25 1.52 0.65 0.28
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Ok fek/4 ek
O ck fek/l.3
O ck Fekld
o SS400
NATM

HT590

1996

4.0

f’ck
MPa 18 24 30 40
4.5 6.0 7.5 10.0
MPa
f’ck f’ck/1.3 f’ck/4
MPa MPa MPa
18.0 13.8 4.5
36.0 27.7 9.0
Oy O sca
MPa MPa
SS400 400 160
HT590 590 236
19
61 pp.66-69 1996
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max

20



8

6

12

21

pp.4 5

1.0

06 08

15cm 100cm

40cm

0.4

0.0 0.2

12

T T T T
I I I I
I I I I
| I I I
\\\\\\ O-———-F-——F-—O - ===~ —
I I I I
I I I I
I I I I
I o I I ) I |
I I I I
I I I I
I I I o I
: L oo 0 1
I I I I
I I I o 0,
I I I |
\\\\\\ r-——"" @ - -7 ----CO@O
I
I
I
I
I
I
”
©
—
T T T T T
I I I I I
I I I I I
I I I | I
I I I @ Ke) b
I I I I I
I I I I I
| e | | | |
I < 10 00 I [
I o I I I
| | | 1O
I I I I
| m | O O O B
I I I I
I I ] I
I

10

00 02 04 06 038



20.6h

HT590

SS400

27.3h

NATM

SS E
MPa
flek
MPa
20.6h 27.3h
18 7,200 8,050
24 8,330 9,270 0.2
30 9,330 10,400 ’
40 10,700 12,000
f’ck E
MPa MPa
18 3,400
36 6,000
E A | z
MPa m?2 m# m?3
NH-125 SS400 3.000E-03 | 8.390E-06 | 1.340E-04
NH-150 SS400 | 2.100E+05 0.3 3.965E-03 | 1.620E-05 | 2.160E-04
HH-154 HT590) 4.719E-03 | 2.000E-05 | 2.600E-04
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6.5

step

o %

4.5

step

a %

l-a %

100%

Uo

a %

%

1B

%

r-l1 %

r%

r= ue-ui /uo
X { O max-0 ck
lo max}
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step

tep

a %

Ui

100%

r-1 %

r= uo-ur /uox
{ O max-0 ck lo max}
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fick fick 04D

m| MPa | MPa | MPa m MPa | MPa | MPa | MPa cm MPa | MPa | MPa m m Y max

a7 19 %5 100 0.77
2- 180 | 45 242 | 103

80 33 63.6 NH125| 250 136
2- 139 53 | 240 | 60 83.8 112 154 | 219 | 093

292 1

190 73 | 300 | 75 101.9 | 160.0 | 400.0 0.87 176
3 203 | 087

219 85 | 400 | 100 105.0 100 191

NH150

210 75 1083 0.62 128
4 300 | 75 180 | 0.77

299 72 400 | 91 | 180 | 45 | 138 387.0 1.00 173
5 339 95 171 407.8 175 248 | 197 | 084

360 | 90 | 277

6 360 91 170 409.5 125 226 | 190 | 081
7 94 10.8 4584 225 | 304 | 197 | 163 | 0.69

39 Im

150 om
8 429 99 | 400 | 100 115 | 180 | 45 | 138 4938 | 236.0 | 590.0 | HH154| 250 197 | 155 | 066
9 419 89 105 4587 125 167 | 150 | 064
10 479 95 183 461.7 112 178 | 152 | 065
360 | 90 | 277
1 530 10.0 600 | 205 512.1 162 | 320 | 202 | 152 | 065
f =18MPa f . =36MPa
NH125 H NH125x 125 SS400 NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
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1.2

m fok
fick fick 04D |y max
cm MPa m
MPa | MPa MPa | MPa MPa | MPa | tm MPa | MPa
625 15 18.0 1234 1600 NH150| 1.6 18.0 150 1.46 431 184
400.0
S 45 45 1.76
28 | 138 214.6 28 138 0.88 188 | 389 | 1.66
20 6.3 268.9 5.6 05 5.0 0.75 1.80 2.00
320 | 136
20 127 469.5 46 20 53 100 180 138 3 255
236.0 45
35 36.0 5900 HH154 36.0
91 90 366.4 ' 81 90 16 163 235 | 289 | 123
1375 217 217 180
' 9.8 3318 86 14 5.0 4;5 1.00 1.80 213 | 267 | 114
50 1.3 446.5 79 339.3 gg HH14| 28 16 125 260 | 271 | 116
f,=18MPa f,=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
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60°

O [WIN|(F

30°

31



NATM

32




H
m f'ck f'ck
MPa | MPa | cm | MPa | MPa | m | MPa | MPa
24 100 | 13.8
125 45 180 | 190 | 4526 HH154
. 1.0
250 | 33 | 18O | 400 | 196 300 | 5333 @1.0m
590.0
48 235 | 277
375 10.0 360 | 400 | 5841 HH154
s00 | 83 | 400 | oo | 276 60.0 | 590.0 @0.5m
f_=18MPa f_=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
H
m f'ck f'ck
MPa | MPa | cm | MPa | MPa | m | MPa | MPa
24 100 | 138
125 45 180 | 100 | 4526 HH154
250 | 33 | 180 | 400 | 196 300 | 5333 ©1.0m
590.0
28 235 | 277
375 10.0 360 | 400 | 5841 HH154
s00 | 83 | 400 | oo | 276 60.0 | 590.0 @0.5m
f_=18MPa f_=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590

z
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fick fick 04D

m| MPa | MPa | MPa m MPa | MPa | MPa | MPa cm MPa | MPa | MPa m m Y max

a7 19 %5 100 0.77
2- 180 | 45 242 | 103

80 33 63.6 NH125| 250 136
2- 139 53 | 240 | 60 83.8 112 154 | 219 | 093

292 1

190 73 | 300 | 75 101.9 | 160.0 | 400.0 0.87 176
3 203 | 087

219 85 | 400 | 100 105.0 100 191

NH150

210 75 1083 0.62 128
4 300 | 75 180 | 0.77

299 72 400 | 91 | 180 | 45 | 138 387.0 1.00 173
5 339 95 171 407.8 175 248 | 197 | 084

360 | 90 | 277

6 360 91 170 409.5 125 226 | 190 | 081
7 94 10.8 4584 225 | 304 | 197 | 163 | 0.69

39 Im

150 om
8 429 99 | 400 | 100 115 | 180 | 45 | 138 4938 | 236.0 | 590.0 | HH154| 250 197 | 155 | 066
9 419 89 105 4587 125 167 | 150 | 064
10 479 95 183 461.7 112 178 | 152 | 065
360 | 90 | 277
1 530 10.0 600 | 205 512.1 162 | 320 | 202 | 152 | 065
f =18MPa f . =36MPa
NH125 H NH125x 125 SS400 NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
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f'ck f'ck 04D
m| MPa | MPa | MPa m MPa | MPa | MPa | MPa | cm MPa | MPa | MPa m m ¥ e
a7 13 25.2 0.87 0.81
2 242 | 103
80 23 180 | 45 449 NH125| 1.87 142
2- 139 35 62.7 0.87 162 | 219 | 093
190 4.9 76.0 075 | 212 | 1.8 1nx
3 203 | 087
219 54 | 240 6.0 83.6 | 160.0 | 400.0 0.75 2.08
210 50 72.6 050 133
4 NH150 180 | 0.77
299 70 3.1 0.75 1.80
400
5 339 73 9.7 352.8 137 274 | 197 | 084
6 360 70 | 300 75 95 3538 1.00 245 | 190 | 081
7 399 59 9.0 3384 162 198 | 163 | 069
180 | 45 138
im
8 429 6.5 9.6 150 | 3683 187 | 224 | 198 | 155 | 0.66 om
9 249 56 | 240 6.0 89 3487 | 236.0 | 590.0 | HH154| 0.87 172 | 150 | 064
10 479 66 | 300 75 9.7 376.3 0.87 191 | 152 | 065
n 530 71 | 400 | 100 168 | 36.0 9.0 217 379.3 112 210 | 152 | 065
f' «=18MPa f' «=36MPa
NH125 H NH125x 125 SS400 NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590



0.8

(m fick
fck fck 04D |y mex
cm MPa m
MPa | MPa| an | MPa | MPa MPa | MPa | om MPa
625 1 12 | 180 1006 | 20 I \piso| 12 | 180 100 116 | 242 | 103
4000
—= 45 45
20 | 138 1697 20 | 138 050 | 176 | 153 | 219 | 093
20| 47 200 39 050 160
180 | 077
20 76 20 | 211 27 20 08 10 | B9 113 34 | 183
2360 45
o 360 200 | Hrasa %60
68 | 90 265 | 55 | 90 08 125 19 | 163 | 069
. 277 277 0
S| 73 2087 59 08 5 | B9 om | 100 | 17 | 150 | 0s4
500
86 3605 70 14 088 208 | 152 | 065
f_=18MPa £ =36MPa
NH150 H  NH150x 150 SS400  HH154 H  NH154x 151 HT590
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1.2

m fok
fick fick 04D |y max
cm MPa m
MPa | MPa MPa | MPa MPa | MPa | tm MPa | MPa
625 15 18.0 1234 1600 NH150| 1.6 18.0 150 1.46 431 184
400.0
S 45 45 1.76
28 | 138 214.6 28 138 0.88 188 | 389 | 1.66
20 6.3 268.9 5.6 05 5.0 0.75 1.80 2.00
320 | 136
20 127 469.5 46 20 53 100 180 138 3 255
236.0 45
35 36.0 5900 HH154 36.0
91 90 366.4 ' 81 90 16 163 235 | 289 | 123
1375 217 217 180
' 9.8 3318 86 14 5.0 4;5 1.00 1.80 213 | 267 | 114
50 1.3 446.5 79 339.3 gg HH14| 28 16 125 260 | 271 | 116
f,=18MPa f,=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
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m m
125 1.43 1.12 1.69 125
250 1.45 1.13 1.86 250 1.44 1.44 1.45 1.45
375 1.46 1.13 1.91 375
500 1.46 1.13 1.91 500 1.35 1.03 1.35 1.35
60°
m m
125 1.34 1.07 2.04 125
250 1.26 1.02 2.19 250 1.02 1.64 1.61 1.19
375 1.24 1.00 2.18 375
500 1.25 1.00 218 500 1.02 1.65 1.60 1.19
m
125 1.29 1.01 1.40 1.27
250
375 1.40 1.00 1.39 1.25
500
30°
m
125
250 2.34 1.05 2.42 1.08
375
500 2.33 1.05 2.41 1.08




(m)

S.L.

(m)

(m)

(m)

125 3.0 125 5.0
250 2.2 250 1.0
375 2.5 375 2.0
500 3.0 500 4.0
S.L.
(m) (m) (m) (m)
125 2.6 125 7.0
250 250 1.0
375 375 4.0
500 2.4 500 6.0
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60°

m m
(m) ) (m) )
250 4.0 250 35 H
500 1.0 500 1.0 1.0 500m
30°
m m
(m) ) (m) )
125 2.0 3.0 250 8.0 1.0 H
375 2.0 2.0 500 1.0 2.0 250m
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H
m f'ck f'ck
MPa | MPa | cm | MPa | MPa | m | MPa | MPa
24 100 | 13.8
125 45 180 | 190 | 4526 HH154
2eo | 33 | 180 | Lo [196 200 | 5333 @1.0m
590.0
48 235 | 277
375 10.0 360 | 400 | 5841 HH154
s00 | 83 | 400 | oo | 276 60.0 | 590.0 @0.5m
f =18MPa f =36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
H
m f'ck f'ck
MPa | MPa | cm | MPa | MPa | m | MPa | MPa
24 100 | 138
125 45 180 | 100 | 4526 HH154
250 | 33 | 180 | 400 | 196 300 | 5333 ©1.0m
590.0
28 235 | 277
375 10.0 360 | 400 | 5841 HH154
s00 | 83 | 400 | oo | 276 60.0 | 590.0 @0.5m
f_=18MPa F_=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590

z
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1.2 0.8



H
m f'ck f'ck
MPa MPa cm MPa MPa m MPa MPa
2.3 9.4 13.8
125 45 18.0 15.0 424.1 HH154
. 1.0m
250 | 29 | 18O | 400 | 170 463.4 @
375 4.4 21.0 27.7 30.0 5528 590.0
10.0 36.0 ' HH154
500 5.8 40.0 60.0 24.3 60.0 503.2 @0.5m
f_=18MPa f =36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
H
m frck frck
MPa MPa cm MPa MPa cm MPa MPa
125 0.7 7.5 379.8 HH154
(0.1) 4.5 (5.1) 20.0 (257.7) @1.0
250 2.5 18.0 11.4 ’ 505.0
(0.6) 50 (6.4) 27.7 (273.8) 5900
375 4.8 14.4 36.0 30.0 580.1 HH154
(4.1) 9.0 (11.3) ) (528.0) @0.5
5.1 36.0 13.7 589.8
500 | (35 (8.9) 60.0 | (437.1)
f' «=18MPa f' «=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590

z
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1.2 0.8



H
m
f'ck f'ck
MPa MPa cm MPa MPa cm MPa MPa
1.9 9.1 387.2
250 |y | 45 81 | 277 () | 590.0 | HH154
5.0 9.0 20.0
500 3.6 18.0 15.3 36.0 579.8 | 236.0 @1.0
(2.6) (10.7) ' (458.1)
f «=18MPa f «=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
H
m
f'ck f'ck
MPa MPa cm MPa MPa cm MPa MPa
0.8 6.8 319.0
201y | 45 co |67 297'07 200 () | 5900 |HH1ss
500 2.7 18.0 ' 11.6 360 ' 486.7 | 236.0 @1.0
(0.2) (9.5 ()
f «=18MPa f «=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590

250m

500m

z

1.2 0.8
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H
m
f'ck f'ck
MPa | MPa | cm | MPa | MPa | cm | MPa | MPa
11 77 360.8
201y | 45 co | (64 29767 200 () | 5900 | HHiss
oo | 31 | 180 ' 142 | a6, ¥ 5000 | 236.0 | @10
(1.0) (11.6) ()
f_=18MPa f_=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590
H
m
f'ck f'ck
MPa MPa cm MPa MPa cm MPa MPa
2.2 101 430.2 HH154
201y | 45 ©0 | 217 12001 "y | 5900 | @10
5.0 9.0
oo | 40 | 180 138 | 150 | s00 | 5261 | 2360 [HH154
(3.1) (9.3) ' 0 | (408.0) @0.5
f_=18MPa f_=36MPa
NH150 H NH150x 150 SS400 HH154 H NH154x 151 HT590

60°

X 4

1.2 0.8
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H
m
f'ck f'ck
MPa MPa cm MPa MPa cm MPa MPa
0.3 3.6 13.8 276.8
12500 36 | X> ()
45 50 ' 18.0 20.0 590.0 | HH154
. ’ ' . 1.0
- 24 18.0 12.7 297.07 513.0 236.0 @
(1.4) (113) | a6 ()
f «=18MPa f «=36MPa
NH150 H NH150%x 150 SS400 HH154 H NH154x 151 HT590
H
m
f'ck f'ck
MPa MPa cm MPa MPa cm MPa MPa
0.4 3.9 13.8 300.4
1250 () 39 | % ()
45 50 ) 18.0 20.0 590.0 | HH154
. ’ ' . 1.0
- 24 18.0 126 297.07 509.3 236.0 @
(1.3) 11.3) | 360 ()
f =18MPa f «=36MPa
NH150%x 150 SS400 HH154 H NH154x 151 HT590

NH150 H

z

1.2 0.8
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30°

H
m
f'ck f'ck
MPa MPa cm MPa MPa cm MPa MPa
2.1 9.6 451.0 HH154
201y | a5 co | (80) 297'07 200 /"y | 590.0 | @10
500 35 18.0 ' 12.9 36.0 60.0 539.5 | 236.0 | HH154
(1.7) (10.5) ' ' () @0.5
f ,=18MPa f ,=36MPa
NH150 H NH150x 150 SS400  HH154 H NH154x 151 HT590
H
m X z 1.2 0.8
f'ck f'ck
MPa MPa cm MPa MPa cm MPa MPa
2.8 45 13.4 572.8 HH154
250 | 11y | 180 o (119 297'07 200\ 'y | 5900 | @1.0
500 5.0 9.0 ' 13.4 360 60.0 586.8 | 236.0 | HH154
(3.5) 36.0 (8.7) ' ' (427.1) @0.5
f ,=18MPa f ,=36MPa
NH150 H NH150x 150 SS400  HH154 H NH154x 151 HT590
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1.2-1



HDB-1 3

No

Yes

1.2-2




HDB-1 ! 3 2

RQD

1.2-3



HDB-

No ()
RQD
1 0 50 D
2 50 85 CL
RQD
3 85 105
105 180 RQD
5 180 200 RQD
D
6 200 280 RQD CL
280 320 RQD
320 350 RQD
RQD 100
9 350 435 P S
CM
RQD
10 435 455 CL
RQD 2
11 455 470 CM
RQD
12 470 495 P
CL
RQD
13 495 510 CM
14 510 595 RQD
RQD
15 595 605 P S
CL
RQD 2
16 605 720 M

1.2-4




HDB-

No ()
0 20 RQD
RQD
2 20 160 D.CL
RQD
3 160 240 P S
RQD
4 240 320 P g
RQD
5 320 360
P
RQD
6 360 380 P S
RQD P S
7 380 410
RQD 30°
8 410 420 60°
P S
RQD
9 420 450 P8
CL-CM
RQD
10 450 470 P S
CM- CL
RQD 420 450
11 470 500 P S
12 500 520 CM - CL

1.2-5




HDB-1

0
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119.102

169.102
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269.102
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469.102

519.102
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619.102

669.102

719.102

769.102

EL.
m

69.102

50.000—

0.000—

-50.000—
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-150.000—

-200.000—

10
11
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15

16

19.102

-15.898
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-110.898
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-210.898

-251.898

-280.898

-365.898
-385.898
-400.898
-425.898
-440.898

-525.898
-535.898

-650.898

50

85
105

180
200

280

321

350

435
455
470
495
510

595
605

720
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0
8.19

58.19

108.19

158.19

208.19

258.19

308.19

358.19

408.19

458.19

508.19

558.19

E.L.
m
58.19
50.00— 1
0.00—
2
-50.00—
-100.00—
3
-150.00—
-200.00—
4
-250.00—
5
-300.00—
6
7
-350.00
9
-400.00 10
11
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-500.00
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-301.81
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MPa
m

1
2 60 -79 | 139 372.0 448.9 573.0
3 -79 -159| 219 425.0 433.0 448.0
4 -159 -239| 299 626.0 673.3 746.0
5 -239 -279| 339
6 & 1-279 -300| 360

2
7 = [-300 -339| 399 972.0 1175.0 1472.0
8 -339 -369| 429 1259.0 2236.8 3243.0
9 -369 -389| 449
10 -389 -419| 479 1153.0 1699.3 2270.0
11 -419 -474| 534
12 -474 -489| 549 2300.0 2440.0 2590.0
13 5 -489 -574| 634 2520.0 3028.3 3500.0

)
14 = [-574 -584| 644
15 -584 -699| 759 2410.0 2696.7 3050.0
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m m
1
2 60 =79 | 139 0.13 0.18 0.23
3 =79 -159| 219 0.11 0.12 0.12
4 -159  -239] 299 0.12 0.13 0.16
5 -239  -279] 339
6 @279  -300| 360

2

7 T [-300  -339| 399 0.07 0.10 0.13
8 =339 -369| 429 0.07 0.11 0.14
9 -369  -389| 449
10 =389  -419] 479 0.05 0.12 0.17
11 419  -474| 534
12 474  -489]| 549 0.17 0.184 0.20
13 5 489  -574| 634 0.20 0.244 0.28
14 @ -574  -584| 644
15 -584  -699| 759 0.21 0.234 0.26
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EL. 41.17m

E.L. 36.42m
E.L. 38.92m
50
10 20 15 25m
E.L. 35.0m
E.L. 60.0m E.L.35.0m
15
7
6
0.3 0.3 5
N
15 7
BP-1 1.5 9.3m
E.L. C O]
m kN/m3 MPa ° MPa MPa MPa
35| 25 14.8 0.1/24.1 8.3 0.30 0.2 0.02
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E.L.

60.0

35.0

-79.0

-159.0

-239.0

-279.0

-300.0

-339.0

-369.0
-389.0
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-584.0
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0.0
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k= Vol w
Vo P Vo P
PS
1 Vo v
k1 8
1
1
1 .o RQD
RQD 100%
RQD

RQD

1

PS
1 PS
1 RQD
RQD
RQD
RQD PS
PS
RQD EMI
HDB-3 381 450m
RQD EMI
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PS

(km/sec) | (km/sec) | (km/sec) PS
1
2 1.75 1.41 1.66 111 | 0.72
3 1.80 1.56 1.68 1.15 | 0.86
4 1.87 1.86 1.75 114 | 1.13
5 1.87 1.68
6 2| 195 1.76
7 Z| 208 1.89 2.03 1.05 | 0.87
8 2.30 2.08 2.30 1.00 | 0.82
9 2.24 2.44
10 2.30 2.48 2.26 1.04 | 1.20
11 2.34
12 2.17 2.02 1.15
13 a | 221 2.19 1.02
14 21 216
15 2.30 2.21 1.08
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56 70 9 10 o

14
qu E
1984 9
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HDB-3 2
RQD 96.5%
1.0
PS 0.82 RQD
EMI 2
0.82
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E.L.
m m MPa MPa
5 -239
-279 | 339 449.5 2.5
-279
o)
6 m | -300 | 360 522.2 3.2
2 [-369
9 = -389 | 449 1177.0 5.5
1 -419
-474 | 534 1116.2 4.8
14 o -574
TR 584 | 644 2346.9 10.8
- E qu
E.L.
m m (km/sec)
-239
5 979 | 339 1.68 PS
-279
o . PS
6 m | -300 | 360 1.76
2 [-369
s
9 2389 | 449 2.44 PS
-419
11 474 | 534 2.34
a - -574
41 =4 584 | 644 2.16
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E MPa

qu MPa

10000

 Be 1446407
1000 | b
E = 322.87¢"%°"""P
1.8733Vp 3
100 fF-------- b T T T
O HDB-3
/A HDB-3
A HDB-1
10 I Y Y N I NN N Y O O R N M
0 1 2 3 4
vp km/sec.
100 ¢ | | |
: 1 | qu = 0.0666¢>7" |
0 b
qu =0.0177e" """ g oame |
I ; = qu=0.2077e TP
T T T e e
i l l O HDB-3
f ; ; A HDB-3
r | | A HDB-1
01 T T T S S T S T T I T T T BT S R S N S R A B N B A
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vp km/sec.
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E qu
No
MPa MPa
RQD
4 P S 626.0 3.7
RQD
5 P S 449.5 25
RQD
6 P 3 522.2 3.2
RQD
7 P S 845.6 2.9
RQD 1032.4 3.0
3 P S
12590 | 3.6
CL-CM 32430| 153
RQD
9 P 3 1177.0 55
CM- CL
RQD 420
10 450 P S 1153.0 57
11 CM - CL 1116.2 4.8
13 RQD 2520.0 12.2
RQD
14 P S 2346.9 10.8
CL
RQD 2
15 CM 2410.0 11.1
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HDB-3 100m E.L.-20m
2-
RQD -
RQD
E.L. MPa
m m
2- g 35  -20| 80 372.0 465.5 573.0
a
2- T 20  -79]| 139 379.0 415.7 481.0
E.L. MPa
m m
na)]
2- 2 %35 20| 80 1.2 2.3 3.1
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P O I R
RQD
m (%)
55 14.7
59 42.3
PS
(km/sec) | (km/sec) | (km/sec) PS
1.70 1.29 1.66 1.05 0.60
1.77 1.56 1.65 1.15 0.89
100 \ \
[ oi Too 3
50 | |
| _
_i 0 -,-—,,-,—,—,-,:g,:,—,—,-,:—e,—,,:,-,g-g,-,-:—,-,,—g,-,
N r | |
50 ----- IR e
| 3 do o 3
_100\\\\:\\\\\\\\\:\\\\\\\\\
0 2 4 6 8 10
MPa
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EL.
m

60.0
35.0

-20.0

-79.0

-159.0

-239.0

-279.0

-300.0

-339.0
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m
0.0
25.0

80.0

139.0

219.0

299.0

339.0

360.0

399.0

429.0
449.0

479.0

534.0

549.0

634.0
644.0

759.0



Co qu 1l-sing
2cos¢g

c qu )

1/10

HDB-6

1.2-58



EL. ¢ | o
m kN/m3 | MPa ° MPa MPa |MPa
60
1 2 | 25 148 04 241 83  0.30 0.2 0.02
35
2 S 129 03 81 2232 018 0.7 0.07
220
2 0 | 136 149 09 81 38373 018 2.1 0.2
79
. a 16. . . 28 0.
3 Lot 144 10 165 3655 012 0.28
4 "159 154 13 196 6260 013 3.7 0.37
sl FU . 3 10. . . 7 0.
5 239 149 09 163 4498 014 25 0.25
NEr . 4 16. . . 5 0.
o [-279
149 12 182 5222 014 32 0.32
6 @ -300 | 360
7 ~300 16.8  1.1] 16.0 845.6 0.10 2.9 0.29
2% | 300 . 1 16, . . 9 0.
8 ~339 186 11 165 10324 o1l 3.0 0.30
oon | az0 . 1 16. . . q o.
9 ~369 180 1.9 205 1177.0 0.11 5.5 0.55
oo | aso . g 20. . . 5 0.
10 ~389 181 20 208 11530 012 57 0.57
e | 470 . a 20. . . 7 0.
1 419 180 17 195 111624 o011 4.8 0.48
. . 7 19. . . 8 0.
12 474 184 38 192 23000 018 106 1.06
ol IR . 8 10. . . 6 1.
13 — | 489 193 37 278 25200 024 122 1.22
2| -574 | 634
14 T | B74 189 34 251 23469 022 108 1.08
584 | 644 : sl : : 9 L.
15 "584 194 32 203 24100 023 111 1.11
o00 | 750 . 2 20, . . 1 1.
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PS RQD
(km/sec) | (km/sec) %
1
1.70 1.29 1.86 0.58 14.7
1.77 1.56 1.74 1.02 42.3
3 1.80 1.56 1.38 0.87 54.4
4 1.87 1.86 1.08 0.79 66.0
5 o 1.87 1.68 0.56 0.49 18.5
6 21 19 1.76 | 0.63 0.59| 73.4
7 = 208 1.89 |047 042 921
8 2.30 2.08 0.39 0.37 96.5
9 2.24 2.44 0.71 0.68 89.8
10 2.30 2.48 0.70 0.66 98.2
11 2.34 0.55 0.50 69.3
0 r
: - 25
50 f
- - 80
100 |
150 139
200 i
r -219
250 f
300 -299
- -339
350 | 560
400 F- -399
- -429
450 F -449
- -479
500
0 1 2 5
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HDB-3
HDB-1

15

HDB-3

HDB-1 3

HDB-1 381m

HDB-3
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GPS

Sv

HDB-3 4 5

NS



HDB-1

1.2/0.8=1.5 1.3/0.9=1.44
HDB-6 1.5
0.8 1.2
1.2
0.8
1.2
Smax Smin Sv
1.2 0.8 1.0
1.2 0.8
0.8 1.0
1.2 1.0
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*® 3.6-4 KEMBEICIDRTERSR GRERIE)

HEAA | REM) | KFE@EA | KF@EA e &KX
BX B LHYE EiH
FiEAh EEH (MPa) A
(MPa) (MPa)
HDB-3 2635 48 3.9 40 IEIFE-W
3925 15 5.7 6.0 WSW-ENE
HDB-1 381 11.8 7.2 6.3 N83E
HDB-4 254.2 5.5 4 46 N83w
359 6.5 5 6.5 IZFE-W
HDB-5 2498 55 4 45 IFFE-W
3715 6.5 5.2 6.9 IEIFE-W
- HDB-3
Smax Smin Sv
kN/m? kN/m?2 kN/m?
263.5m 4,300 3,400 4,200
392.56m 8,000 5,800 6,600
Ave. 6,150 4,600 5,400
- HDB-1
Smax Smin Sv
kN/m?2 kN/m?2 kN/m?2
381m 11,800 7,230 6,320
515m 10,670 8,960 8,830
521m 10,980 9,050 8,960
555m 11,300 9,480 9,600
585m 12,870 9,370 10,170
635m 12,110 10,520 11,140
650m 12,280 10,710 11,430
660m 12,410 10,840 11,620
710m 12,640 11,490 12,590
Ave. 11,896 9,739 10,073
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Sv

Smax Smin
HDB-3 263.5m 1.02 0.8 1.28
392.5m 1.2 0.9 1.33

381m 1.9 1.1

515m 1.2 1.0 1.20
521m 1.2 1.0 1.20
555m 1.2 1.0 1.20
HDB-1 585m 1.3 0.9 1.44
635m 1.1 0.9 1.20
650m 1.1 0.9 1.20
660m 1.1 0.9 1.20
710m 1.0 0.9 1.10

Ave. 1.10 0.90

Smax Smin Sv
1.2 0.8 1.0 1.5
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1973 Bieniawski
0 100 -
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Bieniawski

1.2-74

HDB-1 HDB-3
460m= 381m=
499m 360m
25 80 24_.00--24.50 1.77 2.84 3.14
57.50--57.65 2.3 2.65 1.2
53.00--53.10 1.16
80 139 154 .75--154 .91 3.13 2.37 2.71 2.4
139 219 200.80--200.98 3.21 4.66 4.29 3.2
219 299 257.00--257.50 5.76 5.88 5.37 3.7
311.24--311.50 3.68 4.91 3.66 -
299 339 2.5 2.5
339 360 3.2° 3.2
360 399 381.10--381.40 9.79 3.29 3.72 3.3
399 429 430.00--430.46 5.82 11.23 15.26 36
440.30--441.00 3.82 3.6 4.83 -
429 449 5.5 5.5
449 479 496.36--496.66 6.31] 6.77] 5.74 5.7
479 534 4.8 4.8
534 549 |501.45--501.85 10.6] 13.9] 13.5 10.6
1 *
2)
RQD
499m 500m
499m 500m
4




/ a 49.7% 621 1250 C-2

1.0%(13 1250) ¢ 49.3%(616 1250)
3
1mm 12%(150 1250) 1mm
70.0%(878 1250)
mm 20.6%(258 1250)
10% 80%
30
15
0 25 15
25 50 10
50 5
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GL-125

5.821x 10 m3/sec
(3.492x 102 m3/min)

8.732x 10 m3/sec
(5.238% 102 m3/min)

GL-250

3.067x 1073 m3/sec
(1.840x 10! m3/min)

4.601x 103 m3/sec

(2.760% 10! m3/min)

GL-375

5.422x 1073 m3/sec
(3.253x 10! m3/min)

8.133x 103 m3/sec
(4.880% 10! m3/min)

GL-500

6.106x 103 m3/sec
(3.664x 10! m3/min)

9.159x 103 m3/sec
(5.496% 10! m3/min)

GL-500 m

0 20°
20 45°

45 90°

0 30°

30 60°
60 90°

500.0mx 3
0.5496x 1,000

H14

10
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+120m+843m +120m +783m=3366m
3,366mx 10m 1.63

min



10m
(WPa) ) (nm) ) (
/min)
- (D 25 29 1.2 1 36.0 13 4000.0 20 0 15 1.17 10 30 60° -10 49.0 280.0
- (2) 29 47 1.2 1 66.8 3 310.3 10 28 10 1.17 10 30 60° -10 24.0 4.0
- (D 47 57 1.2 1 9.2 3 294.1 10 74 5 1.17 10 30 60° -10 19.0 2.0
- (2) 57 80 1.2 1 7.0 3 213.0 10 55 5 1.17 10 60 90° -12 17.0 1.0
(1) 80 89 2.4 1 37.1 8 214.3 10 55 5 1.17 10 30 60° -10 240 4.0
(2) 89 128 2.4 1 36.9 8 386.1 10 50 5 1.34 10 30 60° -10 240 4.0
(3) 128 139 2.4 1 65.0 13 523.8 10 57 5 2.79 10 60 90° -12 27.0 7.0
(1) 139 191 3.2 1 56.5 13 243.0 10 55 5 2.79 10 30 60° -10 29.0 10.0
(2) 191 212 3.2 1 40.0 8 355.9 10 61 5 2.79 10 60 90° -12 22.0 3.0
3) 212 219 3.2 1 81.1 17 700.0 15 60 5 2.79 10 60 90° -12 36.0 35.0
(1 219 230 3.7 1 72.1 13 343.8 10 39 10 2.79 10 60 90° -12 32.0 15.0
(2) 230 235 3.7 1 99.2 20 #D1V/0! 20 #DI1V/0! 5 2.79 10 60 90° -12 44 .0 110.0
(3) 235 240 3.7 1 52.8 13 454 .5 10 55 5 2.79 10 60 90° -12 27.0 7.0
(4) 240 252 3.7 1 88.8 17 800.0 15 33 10 3.51 10 60 90° -12 41.0 75.0
(5) 252 273 3.7 1 64.8 13 350.0 10 43 10 5.64 10 60 90° -12 32.0 15.0
(6) 273 280 3.7 1 82.7 17 388.9 10 35 10 5.64 10 60 90° -12 36.0 35.0
(7 280 290 3.7 1 37.3 8 200.0 10 32 10 5.64 10 30 60° -10 29.0 10.0
(8) 290 294 3.7 1 72.5 13 333.3 10 25 10 5.64 10 60 90° -12 32.0 15.0
9 294299 3.7 R
@) 299 301 > 5 1 10.0 3 304.3 10 43 10 5.64 10 30 60 -10 240 4.0
(2) 301 307 2.5 1 35.2 8 428.6 10 36 10 5.64 10 30 60° -10 29.0 10.0
(3) 307 318 2.5 1 9.2 3 200.0 10 55 5 5.64 10 60 90° -12 17.0 1.0
(4) 318 326 2.5 1 30.6 8 200.0 10 68 5 5.64 10 30 60° -10 24.0 4.0
) 326 339 2.5 R
) 339 341 32 1 12.0 3 357.1 10 36 10 4._89 10 30 60 -10 24.0 4.0
(2) 341 360 3.2 1 81.1 17 655.2 15 30 10 5.64 10 30 60° -10 43.0 100.0
(1) 360 376 3.3 1 99.7 20 1777 .8 15 33 10 5.13 10 30 60° -10 46.0 150.0
(2) 376 381 3.3 1 46.4 8 1000.0 15 40 10 1.53 10 30 60° -10 34.0 25.0
3) 381 399 3.3 1 98.0 20 666.7 15 4 15 1.53 10 30 60° -10 51.0 350.0
399 429 3.6 1 96.5 20 810.8 15 3 15 1.53 10 30 60° -10 51.0 350.0
(1 429 436 5.5 1 97.1 20 1400.0 15 40 10 1.53 10 30 60° -10 46.0 150.0
(2) 436 440 5.5 1 55.3 13 444 4 10 78 5 1.53 10 30 60° -10 29.0 10.0
(3) 440 449 5.5 1 99.4 20 2250.0 20 0 15 1.53 10 30 60° -10 56.0 800.0
449 479 5.7 1 98.1 20 1071.4 15 11 15 1.53 10 30 60° -10 51.0 350.0
479 499 4.8 1 90.9 20 1111.1 15 17 15 1.53 10 30 60° -10 51.0 350.0
T (1) 499 509 4.8 1 97.8 20 588.2 10 15 10 -10 46.0 150.0
T (2) 509 532 4.8 1 36.8 8 167.9 8 15 10 -10 32.0 15.0
" (3) 532 534 4.8 1 85.5 17 333.3 10 15 10 -10 43.0 100.0
10m
(WPa) 1 (nm) ) (
/min)
125m 120 2.4 1 36.9 8 386.1 10 50 5 0.71 10 30 60° -10 24.0 0.8
250m 843 3.7 1 88.8 17 800.0 15 33 10 1.41 10 60 90° -12 41.0 25.0
375m 120 3.3 1 99.7 20 1777 .8 15 33 10 0.04 10 30 60° -10 46.0 55.0
500m 783 4.8 1 90.9 20 1111.1 15 17 15 0.05 10 30 60° -10 51.0 140.0
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DEVELOPMENT OF A SIMULATION PROGRAM TO PREDICT
GASEMISSION BASED ON 3D STRESSANALYSIS

TOMITA S, DEGUCHI G. and MATSUYAMA S.
Japan Coal Energy Center, Japan
LI H. and KAWAHARA H.
Geoscience Research Laboratory, Japan

Absdract

A proper management system of cod mine methane gas associated
with underground mining activitiesis essential for the mine safety due
to its nature of exploson. Optimum design of the mine ventilation and
gas drainage need accurate prediction of gas flow rate emitted by
mining activities. Permeability to gas, which is affected by stress
conditions of surrounding rock mass, governs the emisson rate of the
gases. JCOAL has devdoped a three dimensiond FEM smulation
program named Mine Gas How 3D (MGF-3D). MGF3D is desgned
to predict the volume of methane gas emitted from surrounding cod
and rock seams based on stress distribution and permeability change
which are determined by 3D stress andysis

INnMGF-3D, stress change and/or expangon of fractured zone affected
by mining is calculated & the first and then gas emission into
roadways and longwall panels under the determined stress conditions
iscaculaed using Darcy’s law. MGF-3D also can set up a number of
pre-drainage holes and estimate drainage gas volume from each hole.
This function makes MGF-3D remarkable program. These simul ations
for gas emisson can contribute to mine gas utilization plan.
Comparison between actual measurement of gas emission in the
underground mine and simulaion results has been performed and
availability for the mine safety and problems with MGF3D are
discussed in thisreport.

1. INTRODUCTION

It is very important to estimate methane gas emisson accurately in underground cod
mines for the safe operation. Permeability to methane gas is affected by stress
distribution of surrounding rock mass which is deformed by the excavetion. Therefore,
it is necessary to know stress change and deformation condition of rock massin aseries
of mining process from roadway devel opment to coal extraction.

JCOAL has developed athree dimensona FEM simulation program named Mine Gas
Fow 3D (MGF-3D). MGF-3D is designed to esimate the volume of methane emitted
from surrounding cod/rock seams based on stress distribution and permeability change
which aredetermined by 3D andyss

This program conssts of the stress analys's part (Mine Gas Stress; MGS) and the gas
emission andysis part (Mine Gas How; MGF). Three dimensona modd is constructed
and stress digribution is andyzed in MGS, and gas emission analysisis performed in
MGF using the smulation result of MGS.

MGF3D is dedgned for Microsoft Windows. Those who do not have advanced
specid knowledge can d 0 use this program.
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2. MGF-3D OVERVIEW
MGF-3D package consists of the stress analyss part (MGS) and the gas emisson
andyds part (MGF) (Figure 1).

Stress Analysis Part (MGYS)

Model Constructionwith CAD System
Boundary Condition Setting

Rock/ Cod Parameters Setting
Excavation Parameters Setting
Execution of Stress Analysis

MGS- MGF DataConverson
Model Daa
Excavaion Data
Result of Stress Andysis

Gas Emisson AnalyssPart (MGF)

Boundary Condition Setting

Rock/ Coal Parameters Setting

Calculation of Initid Gas Digribution by seady-gate
andysis

4. Calculation of Gas Emission by unsteady-state anaysis

g wdh P

wWN e

Fgure 1 Structure of MGF3D Program

21MGS
Stress distribution with excavation is cdculated by MGS. Equilibrium eguations are
shown below.

2o Jr&Xy T2y x 20
X N a
o 12 o
Dy Dy Ty _g 1)
X N a
O + Py , oy +Z=0
X N a
where:
candrt = stress components (Pa)

X,YandZ =body forces (N)
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Stress - drainrdation and displacement - strain relations can be described by equation
(2) and (3) respectively.

lo}=[Dle} 2
te}=[L]u} (3)
wheres

{c} =dressvector (Pa)

[D] = 4iffness matrix

{e}  =drainvector (-)

[L] = compliance matrix

{u}  =digplacement vector (m)

Elastic/ Elastic and Plastic and ysis are avalable in MGS. In non-linear agtic analysis,
relation among stress, Y oung's modul us and Poisson's ratio is shown be ow.

(E,v)=f(o) @)

where:
E: Y oung's modulus (Pa)
v: Poisson'srétio (-)

A number of researchers have shown various equations on this relaion. Equations (5)
using Mohr-Coulomb method is applied for MGS Typical as most typicd common
equation.

E= En‘ax (10_ 77)+ nEm'n

5
V=V i (1.0=77) 4 1V ©
where:
n = fracture approach ratio (-)

Fracture gpproach ratio (n) which is the parameter showing the ratio of gpproach to
envelopecurveinfigure?2 is given by equation (6).

n=r/h 6)
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A

Figure 2 Definition of fracture approach ratio

22MGF

Methane gas emission volume is predicted based on the dress digribution data
calculated by MGS. Methane gas weight per unit weght of coal is the sum of the free
gas weight (Qr) and absorption gasweight (Qy). Qr and Q, at standard temperature and
pressure are described by equation (7) and (8) respectively.

Qi=¢r  kgm) Y]
ab P/Py
= kg/m 8
Qa Lrap/p, /" (kg/m?) ®)
where:
¢ = porosity (-)
P = Gas pressure (Pa)
Pn = Gas pressure & standard temperature and pressure (Pa)
a = Langmuir congant (1/Pa)
b = Langmuir volume (m>/kg)
ye  =density of cod (kg/m°)
Y = Gas density (kg/m* =yx. PIPY)
N = Gas density at standard temperature and pressure (kg/m?)

Consarvatiion of mass is shown by equation (9). Usng equaions (7) to (9), ges
pressurein cod seamis cdculated a the specific time

o) , o) , o) _ Qr | 0Qa ©)
OX oy 0z ot ot

where:
uv,w = gasflow vdocity (m/s)
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Gas drainage volume can dso be caculaed by MGF program. Gas drainage hole is
unrestricted by the element of the modd. Gas drainage volume is caculaed by hole
diameter, hole length and effective area of drainage.

3. COMPARISON BETWEEN THE SIMULATED RESULT AND FIELD DATA
Simulation of actud longwall mining areain Japanese coal mine was conducted using
MGF-3D, and simulation resultswere compared with field data
Longwall modd and columnar section of the surrounding of the longwall pand are
shownin figure3.

300m é 300m R 12.15m conglomerate

sandstone
14.35m
2.0m - u cod seam
roadway poet
sandstone
. 8.7m
excavaion
aea 3.3m shde
4.5m sandsone
5.0m sandy shde
2556m | | TR 750.0m
2.3m main seam (working coal seam)
1.05m siltstone
y 2.9m lower coal seam
é 10.5m sandstone
. 3.25 sandy sha
< > -25m ©
85m 0 T e—— - - 770.0m

Figure 3 Longwall modd and columnar section

The MGS window view during excavation setting is shownin figure 4 and an example
of distribution view of methane gas pressure in MGF is shown in figure 5. Analyzed
datacan be copied, and can be pasted inthe MS-Excd worksheets

Input parameters are shown in Table 1. On the basis of past measured data for gas
content of in-situ, “&’ and “b” in equation (8) are edtimated at 0.6 and 21 respectively.
Although gas permeability in Jgpanese cod mine normdly ranges from 0.1 to 2.0 md,
gas permeability was set as 0.5 md based on the measurement at this site in December
2002. Other parameters are estimated from the results that were measured in the pag.

Relation between fracture gpproach ratio (n) and permesbility is shown in Table 2.
Gas permesability was varied with changing of thevauen.

Initid gas pressure was set 3 am.
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Fgure 4 MGSwindow view during excavation setting
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Figure 5 MGF window view of methane gas pressure digribution
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Tablel Input Parameers

TOMITA S.: Development of a Simulation Program to Predict Gas Enmission Based on 3D Stress
Andysis, 30" International Conference of Safety in Mines Resear ch | ndtitutes, South African Institute
of Mining and Metallurgy, 2003.

E v Density | Cohesion | Friction | Tensile | Permeability a b Temp.
(M) | o (o) | (tm?) angle | strength | (mDarcy) | (1Pa) | (mPhkg) | (K)
(degree) | (tf/n)
sandstone 400000 | 03 25 1155 29 400 0.1 - - 293
sandy shale | 300000 | 0.3 2.5 866 27 300 0.1 - - 293
shale 200000 [ 0.3 25 577 21 200 0.1 - - 293
conglomerate | 100000 | 0.3 25 400 30 100 0.1 - - 293
siltstone 50000 | 0.3 15 144 35 50 0.1 - - 293
coal 50000 | 0.3 15 144 35 50 05 0.6 21 293

Table 2 Reaion between fracture gpproach ratio and permesbility

Fracture approach ratio (n) Permeability (D)
00 n<10 D=D*1
1.0 n<20 D=D*5
2.0<n D=D*10

Simulation result and actual field data are shown in figure 6. The result of the MGF-
3D dmulation coincides with field data roughly as shown in figure, and it shows that
MGF-3D program is an effective tool to know the trend of gas emission from the
longwall pand during the excavation.

However, gas emission at the start of longwall retregting is overestimated by MGF-3D
simulation comparing to the fidd data Therefore rdaion between sress distribution
and permeability change will be reconsidered to improvethe accuracy of simulation.

80

70

—o—Field Data

60 —aA— Result of simulation

a1
o
T

(m3/min)
N w S
o o o

[N
o
T

o

0 200 400 600 800 1000
(hours)

Figure 6 Comparison between the smulaed result and fied data

4. CONCLUSION

A FEM smulaion program "MGF-3D" to predict gas emission based on 3D stress
andyss has been developed and its effectiveness was confirmed by the comparison
withthefidd data. In the next step, influence of underground water and multi-phase gas
simulation function will be consdered.
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