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Fig.1 Conceptual model of a fractured rock mass.
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Fig.3 Conceptual model of
Lugeon’s injection test.
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Table 1 Evaluation of hydraulic conductivity on hydraulically
isotropic porous media. (True hydraulic conductivity, ;
=1Xx10"° mv/s ; Injected volume into the interval, Q=5
X 10~° m%s ; Radius of bore-hole, 7,=4.3 cm)
Length of Head Hydraulic Lugeon's
interval, L increase, H* conductivity, k* value, Lu
(m) (m) (106 m/s) (Lugeon)

0.5 39.17 1.000 15.37

1 25.06 1.000 11.98

2 15.28 1.000 9.818

S 7.570 1.000 7.927

10 4.336 1.000 6.918

20 2.444 1.000 6.138

H*:Calculated by using Eq.(3)
k*:Calculated by substitution H* and Q for Eq.(4) .
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Fig.4 Schematics of FEM model for Lugeon’s test.
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Fig.5 Conception of mesh division.

Table 2 The geometry of FEM model of Lugeon’s test site. (See

Fig.5)

© (deg) 225

ri(m) 0.043, 1, 2, 4, 6, 10, 15, 50, 100
Zi (m) 0O, -30, -40, -45, 47.5, -49, -50,

-51, -52.5, -55, -60, -70, -90, -120
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Fig.6 Principal hydraulic axes.

Table 3 (a) Physical parameters of hydraulically anisotropic
porous media.
(Length of packed off interval, L=5 m ; Radius of
bore-hole, #,=4.3 cm)

Principal Principal
hydraulic hydraulic direction
conductivity {See Fig.6)
No Kk't1 k'22 k33 al o2 o3 1 7 B 81 2 83
(x10 'm/s) (Deg.)
1 100100100 O 9 9 9 O 9 9 9 O
2 100100100 O 20 9% 30 0 9 9 9 O
3 80.0 400 1 0 % 9% 9% 0 90 90 0
4 100 30 90 60 9 0 90 120 90 30
5 010020100 30 9% 6 9 O 9 120 9% 30
6 010020050 45 65 125 125 45 95 65 55 35
7 100100700 45 65 125 125 45 95 65 55 35
8 2001001000 O 9 9 9 0 9 9 9 0
9 2001.00100 30 9 60 90 O 9 120 90 30
10 200100100 45 9 45 90 O 90 135 90 45
11 200100100 60 9 30 9 O 90 150 90 60
12 500200500 O 9 9 9 O 9 9% 90 O
13 500200500 30 9 60 9 0 90 120 90 30
14 500200500 45 9 45 90 O 90 135 90 45
15 500200500 60 9% 30 90 O 90 150 90 60
16 100030010 O 9 9 9 O 9 90 9% O
17 070030040 O 9 90 9% O 9 90 9% O
18 040030010 O 9 9 90 O 9 9 9 0
19 020030010 ©0 9% 9 90 0 9 9 9 O
20 010030010 O 3 9 9 0 9% 9 0 O
21 007030010 O 9 9 90 O 9 9 9 0
22 004030010 O 9 9 90 O 9 9 90 O
23 002030010 O 9 9 90 O 90 90 90
24 100 3.00 1.00 2322 66.73 85.91 111.4 31.35 111.8 98.80 70.24 21.72
25 7.0 3.00 1.00 2322 66.73 8591 1l1.4 31,35 111.8 98.80 70.24 21.72
26 4.00 3.00 1.00 23.22 66.73 85.91 111.4 31.35 111.8 98.80 70.24 21.72
27 2100 3.00 1.00 23.22 66.73 85.91 111.4 31.35 111.8 98.80 70.24 21.72
28 1.00 3.00 1.00 2322 66.73 8591 111.4 31.35 111.B 98.80 70.24 21.72
29 070 3.00 1.00 23.22 66.73 8591 111.4 31.35 111.8 98.80 70.24 21.72
30 040 3.00 1.00 23.22 66.73 85.91 111.4 31.35 111.8 98.80 70.24 21.72
31 020 3.00 1.00 23.22 66.73 85.91 111.4 31.35 111.8 98.80 70.24 21.72
Table 3 (b) Evaluation of hydraulic conductivity and Lugeon’s
value on hydraulically anisotropic porous media.
(See Table 3 (a))
FEM Theoretical
No Q KF. L& Q kT LuT LuT/LuF
x107  (x107 107 (x1077
(m) m¥s) m/ss) (Lugeon) {m} m/s) m/s) (Lugeon)
1 1.0 5226 7.912 627 9401 500. 805  6.38 1.02
2 10 1245 1884 149 5738 500. 132 105 .705
3 1.0 3202 4847 3842 1.578 500, 480 380 1990
4 10 2755 4171 331  1.803 500 4199 3.3 101
5 1.0 2075 .3141 249 2511 500 .3014 .239 9
6 1.0 1.505 .2278 .1806 3848 50.0 1967 .1559 8632
7 1.0 3247 4916 4.547 3.604  .9248
8 1.0 1619 2451 1.786  1.416 7288
9 1.0 1900 2.876 2.445  1.938 8500
10 1.0 2117 3208 2814 2.231 8784
11 1.0 2281 3453 3.064 2.429 8875
12 1.0 1775 2687 26.60 21.08 19901
13 10 1706 2582 2172 1721 8395
14 10 1568 23.73 1870 14.82 .7883
15 10 1368 2070 1773 14.05 8567
16 1.0 3167 .4794 4682 3711 9766
17 1.0 2680 .4058 3965 3143 9770
18 1.0 2084 .3155 13065 .2430 9716
19 1.0 1554 .2353 2242 1777 9528
20 10 1184 .1793 1650 1308 19205
21 1.0 1039 .1573 1414 1121 8990
22 10 .8605 .1303 1114 08830  .8548
23 10 .7190 .1089 08360 06627  .7677
24 10 3114 4714 4.846  3.841 1.028
25 1.0 2628 3.979 4.082  3.236 1.026
26 1.0 2043 3.093 3.133  2.483 1.013
27 10 1525 2.309 2.276  1.804 9858
28 10 1167 1.767 1.674 1327 9472
29 1.0 1029 1.558 1438 1140  .9231
30 1.0 8612 1.304 1145 9076 8778
31 10 7.628 1155 8846 7012 7659
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Fig.7 Theoretical Lugeon’s value vs. Lugeon’s value calculated

by 3-dimensional FEM on hydraulically anisotropic
porous media.
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the wall of injection interval on Lugeon’s test.
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Fig.9 Relations between Lugeon’s value and rotational angle of
principal axes.
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Table 5 (a) Fracture geometric data and material properties of
fractured rock mass model 1 and 2.

Rock [Group | Mean fracture | Apparent Fracture aperture
model orientation | denstty(1/m) {Mean v. |Dist, func. | * 7
(Degree) (1/4<t?>mp ) | (um) (/)
1 NS84W 5.034 100_|exponential 1912 -01182 .1070
1 [z | ewsen 5.020 50 |Bponeniat |- 1269 -02103 | x10”7
3 | N3cPwseN 6.066 30| Exponential Sym. 1397
1 | Nssew 5034 80 |Bxponential 2250 -L162 -9828
2 2 EW86™N 5020 20 |eponental | 9746 -.9389 ]nu*
3 | N3cPwseN 6.066 30 _|eponential 9155

Table 5 (b) Fracture geometric data and material properties of
fractured rock mass model 3.

Apparent density Fracture aperture
Meas.| N/B m) (174<r?mp ) | Meanv. <t> um) | 5 ki
line (1/m) Groupl | Group2 | Group1 | Group2 (m/s)
1 3372524 | 2579 | 1688 )
2 {26/2006 | 126 |30 | o g RS A A I
3 | 54/47.52 | 1448 | 08714 : 17 || sym 1952
3 | 57/4552 | 1517 | 08464
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Fig.10 Stereographic plots of fracture orientation
on Schmidt’s net after clustering.

Table 6 The results of Lugeon’s test at H=10m on the
fractured rock mass models.

2

Aperture, t (x100 p m)

«| Injection inflow-rate,Q
Orientation (x10 °m ¥sec)
bor:fhole Rock Rock Rock
model 1 | model 2 | model 3
Nso'wW 4.811 | .3984 8.267
NS30°E 5.984 | 4227 | 9514
NS30°W 5.495 | .4708 -
Ew3eN | 4.821 | 3851 J—
NS60°E —_— — | 10.89

*

: Orientation of bore-hole lies at right
angle to the axis of the bore-hole.
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Aperture, t (x100 . m)
(b) Group 2

(a) Group 1

Fig.11 Distribution of fracture aperture on the rock mass model 3.

.
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Injection
well
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interval

Fig.12

Arrangement of some injection wells.
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Table 7 The data and parameters for inversion. (See Fig.12)

Rock | case No.| Orientation of bore-bole Nr and initial tei~
model for Lugeon's test for inversion
1-1 | NSO°W NS30°E EW3O’N | Ni=3, tel=te2=te3=100pm
1 1-2 | NSO°W NS30°E  NS30°W | Ni=3, tei=te2=te3=100um
1-3 NSO'W Ne=1, tel=te2=te3=100um
2-1 NSO°W NS30°W EW3C°N | Ni=3, tel=tez=te3=20 ym _
2 2-2 NSO°W NS30°E  NS30°W | Ni=3, tei=te2=te3=20 um
2-3 NSO°W Ne=1, tel=te2=te3=20 um
3-1 NSO°W Ni=1, tel=tez=100 um
3 3-2 NSO°W NS30°E  NS60 E | Ni=1, tei=te2=100um
3-3 NSO°W NS30°E  NS60 E | Ne=2, tei=te2=100pm

*Nt : Number of parameter (te) for inversion.
** j : Group number clustered by orientation data.

Table8 The results of inversion on the fractured rock mass Table 9 The results of inversion on the fractured rock mass

model 1. model 2.
Casel-1 Casel-2 Casel-3
_—ase ase 2 Case2-1 Case2-2 Case2-3
K 2o és 0 3543 0 ’437187919 8 t
R » B es
GaoTmvy || 0 © 1850l 0 O rdds]lj 0 O 1190 k'y 200 0 o 117855 o |10 0w
Pt x 1(5.78, 90.1, 95.8) [(9.39, 82.1, 84.9) |(36.6, 59.5, 71.8) (x10‘3m/s) 0 0 1273 0 0 1144 0 0 1093
% 137(89.5, .51, 85.5) (9.3, 402, 51.3) [(124., 35.3, 82.9)
(deg.) [ (822, 94.5, 7.39) |(89.0, 129, 39.2) | (101, 106., 19.6) pt* x [(6.01, 84.5, 87.7) |(5.85, 90.4, 95.8) |(43.1, 64.7, 57.8)
k'eijst lb“lgg g 1;)3‘9802 00 268 0 (;)‘ (deg.) y |(95.5, 45.2, 45.3) |(89.1, 4.44, 85.7) |(125., 35.7, 82.7)
——— . B .6 .
i o 1290, g 282 202 068 0 Z {(87.7,135., 44.8) |(84.2,94.4,7.30) | (112, 113., 33.3)
est
[ E: 968 125 38.9 k' 122 0 0 203 0 0 625 0 0
y 4.38 31.8 34.6 wue 0 1.08 0 0.743 0 0 .997 0
(deg) I v o 77 K% 0 0 145 0 0 130 0 0 124
te (pm) 110, 56.5, 4.86 91.6, 47.2, 66.0 68.5 x 7.72 17.7 30.3
RSQ*** 0.0277 153 x 10°6 2.59 x 106 {r* y 78.7 385 0.9
Niter. o+ 71 62 27 (deg.) - . .
2z 78.9 41.8 56.5
Ky B G0 89.9,40.3,27.3 | 85.3,67.1,.184
1816 0 0 . .9, 40.3, 27. 3,67.1,. .
o107y |0 1266 0 | (degy ¥ (897.8.85,8L.0 te (um) 40.0
0 0 1410 z (85.0,98.8,10.2) RSQ*** 0.00224 6.87 x 1074 6.33 x 10-10
* Pt Direction cosine of principal axes.; est : estimated. Niter, **** 55 89 30
*¥5 : Angle between the true principal axis and the estimated.
#***RSQ : Weighted residual square sum.
+***Niter. : Number of iteration. k'tilj’u'e P;“e: X: (13.0, 80.5, 81.2)
’ 1895 0 O
108 m/s) 0 1.045 0 (deg) Y* (93.0,34.1,124)
0 0 .8802 Z: (77.4,57.6,35.4)
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* P)?is:K Direction cosine of principal axes.; est : estimated.

**§ . Angle between the true principal axis and the estimated.
***RSQ : Weighted residual square sum.

****Niter. : Number of iteration.
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Table 10 The results of inversion on the fractured rock mass

model 3.
Case3-1 Case3-2 Case3-3
est
6310 0 o [[[le2s9 0 o J|[7415 0 0
Ky ’V 0 2.076 0 0 2.059 0 0 1.862 0
10mzs) [| 0 0 2260(|| 0 T0 2242]|| 0 0 2192

(10.5, 80.4, 94.4)
{100, 11.3, 95.3)

{11.4, 79.6, 94.5)
{101., 12.6, 96.2)

est# | X

r (10.5, 80.4, 94.4)
X T'yTaoco., 11.3,95.3)

(deg.) "7 [(86.6, 840, 69.3) | (86.6, 84.0, 69.3) | (86.8, 83.1, 7.61)
it
k% 141 0 0 140 0 0 166 0 0
—_— 0 1.08 0 0 1.07 0 0 .972 0
5/ || 00 115 0 0 114 0 0 112
PR E: ) 0 135
» y 5.26 5.26 6.30
(deg) I 5.26 5.26 6.11
te (um) 176.3 175.8 170., 216.
RSQ*** 2.37 x 10711 .00713 .00358
Niter. o+ 35 37 61
rue e
K s 0 o P X (100, 81.0,94.3)
aoTws |6 1ste o | (deg) ¥ 991,911,902
0 0 1.960 z: (85.8,89.1, 4.37)

* p2! Direction cosine of principal axes.; est : estimated.
**5 : Angle between the true axis and ' the esti
***RSQ : Weighted restdual square sum,

**++Niter. : Number of iteration.
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A THEORETICAL RESEARCH ON GROUNDWATER BEHAVIOUR UNDER LUGEON’S
TEST AND A METHOD TO DETERMINE THE THREE-DIMENSIONAL HYDRAULIC
CONDUCTIVITY TENSOR FOR FRACTURED ROCK MASSES

Shinji NAKAYA and Makoto NISHIGAKI

In this paper, the groundwater behaviour under Lugeon’s test in hydraulic anisotropic rock masses is theoretically
explained. To derive the solution of seepage phenomenon induced by Lugeon’s test, the boundary condition along
packed off interval is idealized as line source, and another boundary condition at infinite is zero potential. The
potential increment at the center of injection interval on the wall of bore-hole was calculated by solving the
potential flow equation. Lugeon’s values which is theoretically evaluated for various anisotropic porous media agree
with the true values and the calculated ones by the three-dimensional finite element analysis. A method to
determine the three-dimensional hydraulic conductivity tensor for fractured rock masses is proposed. from these
researches.
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