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Fig. 1. (a) Image of P-wave velocity dispersion. (b) The
BISQ model. Biot’s flow and Squirt flow in a cylindrical
representative volume of a rock due to seismic excitation
(Dvorkin and Nur, 1993).
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Table 1. Description of parameters used in calculations.

D= (3)

Model parameters Symbols Values Units
Porosity & 15 %
Density of solid o, 2650 kg/m?
Density of pore fluid £y 1000 kg/m®
Pore fluid viscosity y’s 0.001 Pa+s
Shear modulus G 1.43¢10 Pa
Poisson’ s ratio v 0.15
Bulk modulus of frame A, 1.6e10 Pa
Bulk modulus of solid K, 3.8e10 Pa
Squirt Flow Length L 0.001 m
Acoustic velocity of fuid S 1500 m/sec
Biot s additional coupling density o, 420 kg/m®
1.25e-8
Hydraulic conductivity k 25e-8 | m/sec
Se-8
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Fig. 2. (a) P-Wave velocity and (b) Q inverse value versus
frequency for various permeability and squirt flow length.
Arrows indicate dispersion frequency.
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Fig. 3. (a) Schematic diagram of rock sample with measurement direction. Sample consists of rock matrix and a shear zone. (b)

Comparisons between matrix, parallel and perpendicular direction to shear zone for P-wave velocity versus frequency. (c)

Schematic diagram to calculate shear zone velocity (V2) using measured matrix velocity (V1) and perpendicular velocity (V) in

equation (4).
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Fig. 4. Results of laboratory test (circle) and parameter

fitting from BISQ theory (curve).

Table 2. Calculated parameters for BISQ theory in Fig. 4.

Model parameters Symbols Units e
Matrix Fracture

Porosity & % 0.5 8.4
Density of solid O, kg/m3 2600 2600
Shear modulus G Pa 1.7¢10 2.0e9
Poisson’ s ratio v = 0.25 0.30
Bulk modulus of frame K, Pa 0.87¢10 2.0e9
Bulk modulus of solid K, Pa 5.0e10 7.8e9
Squirt Flow Length /2 m 7.0e-5 1.0e-3

Biot's additional' coupling o - 199 199

density #

Hydraulic conductivity k m/sec 2.1e-8 2.0e-5

Shear zene

Grimsel Test Site

Location : Gnmsel Pass {Cantol
Elevation : 1730 m ast
Overburden : 450 m
Constructed : 1983
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Fig. 5. Plane view of the Grimsel Rock Laboratory in Switzerland. The distances between boreholes at the BOUS site is about 70
meter, at FRI site is about 10 meter and at GAM site is about 1.5meter.
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Table 3. Specifications for data acquisition system.

Equipment Maker and Type Specifications Photo

Dimension : @44mm
mm

Sourcet
(piezo transducer) Maker : ITC

4 Max Power(1V) : 155dB
Iligl(1G0/r-\n|\)/1(1A5m) and | Type : ITCB130 | o0 Voltage : 300V

Frequency : 2 ~40kHz

Source2 Maker : Dimension : ¢55mm
(piezo transducer) System Giken L 790mm
For BOUS(75m) Frequency : ~22kHz
Receiver1

Maker : Frequency : ~50kHz
(12 hydrophones) "
For GAM tomography System Giken Spacing : 20cm
Receiver2 Frequency : ~20kHz

(24 hydrophones)

Maker : JFE civil | Spacing : 50cm
For FRI tomography

( originally 100cm )

Receiver3
(24 hydrophones) Maker : Freq. : ~100kHz
For =~ BOUS  both | System Giken Sensitivity : -215dBUp
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Fig. 8. Results of in-situ velocity measurements at the GAM, FRI and BOUS sites. (a) Source-receiver configurations at the GAM
site and comparison with waveforms of various frequencies in different source-receiver configurations. (b) Comparison with
measured and synthetic (BISQ theory) velocity versus various frequencies. (¢) Source-receiver configurations at the FRI site and

comparison with waveforms of various frequencies in different source-receiver configurations.

(d) Comparison with measured

and synthetic (BISQ theory) velocity versus various frequencies. (e) Source-receiver configurations at the BOUS site and

comparison with waveforms of various frequencies in different source-receiver configurations. (f) Comparison with measured and

synthetic (BISQ theory) velocity versus various frequencies.
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(a)

WP 25 625855 3 5 (2009)

/ Seismic tomography measurement with various \
frequencies in dispersion frequency area

Table 4. Calculated parameters for BISQ theory at GAM,
FRI and BOUS sites.

VP Dispersion area
GAM FRI
" Veo
- Multi-frequency measurements — parameters T8‘R1 0 T3_R5 T-[ 5_R1 5 T30_R30 BOUS
\, /—‘ o 8 05 7 5 0.25
iR A K 4.00E-11| 2.10E-12| 1.50E-11| 1.00E-11{ 1.00E-13
e / | v 0.23 0.25 0.24 0.24 0.29
— 'I Ky 8.70E+09| 8.70E+09| 8.70E+09| 8.70E+09| 4.85E+10
v 0 : Ks 5.00E+10( 5.00E+10| 5.00E+10| 5.00E+10| 9.00E+10
reaueney G 1.45E+10] 1.88E+10[ 1.70E+10[ 1.70E+10] 2.15E+10
Travel time tomography analysis with various frequencies 0 2600 2600 2600 2600 2600
S
Ba 199 199 196 196 199
Calculaté difference of velocity maps with various L 9.00E-05| 9.00E-05| 9.00E-05| 9.00E-05| 8.35E-06
frequencies ¢): Porocity (%)
@ K : Hydraulic conductivity(m/sec)
Investigation of relation between velocity differences and v : Poisson’s ratio( ")
hydraulic conductivities from in-situ tests along boreholes Ky: Bulk modulus of frame(Pa)
Ks: Bulk modulus of solid(Pa)
Generation of the hydraulic conductivity model by G: Shear modulus(Pa)
using geostatistical methods / 0 . Density of soild(kg/ma)
Fig.10. Flow chart for constructing hydraulic conductivity 0 4 Biot's additional coupling density(kg/m")
0 L: Squirt Flow Length(m)
model from seismic tomography.
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Fig. 11. (a) Analyzed velocity map with three kinds of source frequencies. (b) Velocity difference map of the 40 kHz and 20 kHz
tomograms. (¢c) Grid for tomography analysis (grid number 34 x 97 =3298) with in-situ hydraulic test locations.
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Fig. 13. (a) Location of the in-situ hydraulic test for GAM98-5 borehole. GAM98-5 was instrumented with a 5 packer Multi
Modular Packer System (MMPS). (b) Results of the hydraulic test campaign in GAM98-5, hydraulic conductivity ranges versus
borehole depth. Solid and hollow circles show the derived hydraulic conductivity from seismic tomography analysis. Horizontal

bars show the interval hydraulic conductivity from in-situ hydraulic tests.
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Experimental study on imaging hydraulic conductivity of rock masses

based on elastic wave velocity dispersion

Kimitaka Yoshimura*, Ken-ichi Ando**, Susumu Sakashita*3,

Patrick Bruines**, Hirohumi Okumura*4, Satoshi Nishiyama*? and Yuzo Ohnishi*5
ABSTRACT

The objective of this study is to establish a technique to obtain hydraulic conductivity distribution in granite
rock masses. This technique is based on the characteristic that elastic wave velocity disperses in fully
saturated porous media on frequency. Velocity dispersion is governed by fluid/solid interaction which
corresponds to the hydraulic conductivity such as described by Biot and BISQ theory.

In order to verify the validity of these theories in granite rock, laboratory tests were performed. The results of
experiments show that the elastic wave velocity dispersion for granite rock can be well described by BISQ
theory. To test the applicability of this approach in real rock masses, we performed in-situ experiments at the
Grimsel test site in Switzerland. Dispersion phenomena were detected in the frequency range from 0.8 kHz to
80 kHz, in the borehole distance range from 1.5m to 70m. Cross-hole tomography measurements, with
frequency at 20 kHz and 40 kHz in a distance between boreholes of 1.5 meter, were carried out.

To obtain the hydraulic conductivity image, geostatistical technique was tried. A limited number of hydraulic
test data were used to find the correlation between the velocity difference and hydraulic conductivity. With this
correlation, a hydraulic conductivity image was constructed. The location of the high hydraulic conductivity
zone from the result agrees with that estimated using geological information. Additional hydraulic tests were
conducted in a borehole located in the middle of the tomography plane. These hydraulic tests show a good
agreement between the measured hydraulic conductivity and the hydraulic conductivities predicted from the
cross-hole tomography.

These result of experimental studies show that the possibility as a practical method to determine the

* hydraulic conductivity image in granite rock.
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