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ABSTRACT 	 V 

This thesis describes mainly the application of ultrasonic cross-hole 

seismics in the Luossavaara Research Mine in Kiruna. 

The measurements have been carried out in water-filled boreholes 

by using a low-energy high-frequency magnetostrictive source, hydro-

phones as receivers and a computer-based data acquisition and signal 

analysis system. 

The initial work was related to the measurement system. It included 

stacking tests, directional tests of the seismic source, reproduci-

bility tests and the signature of the seismic source. 

The good reproducibility made it possible to use attenuation parameters 

like amplitudes, besides just  P-wave velocity. A comparison between 

different signal parameters showed a good correlation between  P-wave 

velocity and first arrival amplitude. A good correlation between 

first arrival amplitude and maximum amplitude and as well as RMS 

(root mean square) was also found. 

Rock mass classification by seismics was carried out by using the  

P-wave velocity, attenuation and signal duration measures. Both atte-

nuation and signal duration measures proved to be much more sensitive 

to joint frequency than the  P-wave velocity. This is confirmed by 

the  P-wave transmission coefficient of a water-filled joint. 

Besides this, the results also indicate that the signal duration 

is less sensitive to rock type (the micro structure) and transmission 

distance than attenuation measures. 

Seismic monitoring of structural changes in rock has been applied 

on blast induced damages and also in a volume of rock subjected to 

a changing stress field. Cross-hole seismic monitoring of blast induced 

damages was carried out in boreholes adjacent to the blast both before 

and after the blast. Significant changes in the strength of the seis-

mic signal were observed. The interpretation of the results shows 

however that redistribution of stresses and/or the draining/water-

filling of joints may in some cases mask blast induced damages. The 

results from the seismic assessment of the redistribution of stresses 

show a good correlation with deformation measurements carried out 

in the same volume of rock. 



VI 

Ultrasonic cross-hole seismics has also proved to be a sensitive meth-

od. However, the potential of using cross-hole seismics for assess-

ment of redistribution of stresses is limited to low absolute stress 

levels since both the  P-wave velocity and rock quality factor  Q  are 

constant at high stress levels. 

In-hole geophysical measurements including caliper, neutron,  gamma-

gamma,  lateral resistivity and single point resistance were carried 

out. All these methods, especially the neutron log, respond to the 

chlorite content in the quartz-bearing porphyry. None of these meth-

ods appears to be well suited for detection of individual joints, at 

least not under the present conditions. 

A comparison between the results from in-hole geophysics and cross-

hole seismics showed that the strength of the seismic signal is in-

fluenced by the chlorite content besides by other factors. In-hole 

geophysics was also carried out before and after a major blast. In 

contradiction to in-hole geophysics, deformation and cross-hole seismic 

measurements in the same volume of rock showed significant changes 

due to the blast. Ultrasonic cross-hole seismics appears to be more 

sensitive to structures in the rock than the in-hole geophysical meth-

ods that were tested. 
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1 	 INTRODUCTION  

1.1 	BACKGROUND 

The Swedish Mining Research Foundation, Swedish  Detonic  Research 

Foundation and Swedish Rock Engineering Research Foundation have, 

through the Swedish Mining Association, been one of the sponsors 

of a major research project within the Austrailian Mineral Industry 

Research Association - AMIRA. The project - "Prediction of geological 

structures and its application to blast control" was performed in 

two stages during 1981 to 1985. Ultrasonic cross-hole seismics is 

one part of the project. The main parts of the project were closely 

connected to field testing in the mines belonging to the sponsors. 

In Sweden, field testing was carried out at the Luossavaara Research 

Mine, operated by the Swedish Mining Research Foundation. 

Two Australian scientists from JKMRC (Julius Kruttschnitt Mineral 

Research Centre) tested ultrasonic cross-hole seismics in the Rese-

arch Mine from August 1983 to January 1984. Following the very encou-

raging results of their research, additional measurements were made 

in a Swedish project, the results of which are presented in this 

thesis. 

1.2 	AIM AND SCOPE OF THE INVESTIGATION 

The cross-hole seismic technique offers a means to investigate the 

rock mass between boreholes. From a geophysical point of view it 

is sufficient to divide cross-hole seismic investigations into two 

main categories - short and long distance investigations. Work on 

long distance (several tens of metres to several hundreds of metres) 

cross-hole seismics has been reported e.g. by Cosma et. al (1984) 

and Gustaysson et. al (1984), work on short distance (a few metres 

to few tens of metres) cross-hole seismics e.g. by McKenzie et. al 

(1982) and Paulsson et. al (1984). In principle the main difference 

between the two categories, besides the transmission distances, is 

the decreasing resolution with increasing distances. 

The research work presented in this thesis included mainly applica-

tions of short distance ultrasonic cross-hole seismics in the Luossa-

vaara Research Mine. Measurements were carried out in water-filled 

boreholes by using a low-energy, high-frequency magnetostrictive 

source and hydrophones as receivers. 
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The signals are recorded by a computer-based data acquisition and 

signal analysis system. Signal averaging (stacking) is used to im-

prove the signal/noise ratio. 

This thesis contains three parts. In the first part, namely chapters 

2-3, general seismic wave propagation is discussed. The second part, 

chapters 4-8, includes details about the measurement technique, signal 

analysis and the relation between different signal parameters. Results 

from applications of the technique and a comparison with in-hole geo-

physical methods are presented and discussed in chapters 9-15. An 

attempt is also made to outline the capabilities and limitations of 

this technique today and propose further research. 
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2 	 WAVE PROPAGATION IN ISOTROPIC, HOMOGENEOUS ELASTIC MEDIA  

There are two kinds of elastic body waves: 

a) Compressional  (P)  waves in which the particle displacements 

are parallel to the direction of propagation. Their propa-

gation velocity is: 

E(1-y)  

P 	Y(1+v)(1-2v)p 

b) Shear (S) waves in which the particle displacements are 

perpendicular to the propagation direction. Their propaga-

tion velocity is:  

E  	I  
V - 
s 	\12 (l+v )P  

where  E  = Young's modulus 

= Poisson's ratio  

p  r. density 

If a medium has a free surface or there are interfaces between two 

media there are also surface waves e.g. Rayleigh and Love waves in 

addition to body waves. 

In a homogeneous elastic medium a seismic wave is attenuated only 

by geometrical spreading. The amplitude A(r) at a distance r from 

the source is: 

A(r)  
0 

where Ao  = The amplitude at the source  

n  = 0 for plane waves  

n  = 1/2  for cylindrical waves  

n  = 1 for spherical waves 
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3 	 WAVE PROPAGATION IN ROCK  

Seismic waves propagating in rock are attenuated more rapidly than 

the geometrical spreading predicts. There are two main causes of this 

additional attenuation: 

- 	 Partial transmission and reflection at acoustic boundaries. 

Energy absorption by conversion of some fraction of the 

elastic energy into heat. 

Numerous energy absorption mechanisms have been proposed. These are 

however related to either frictional sliding at grain boundaries and 

crack surfaces or attenuation attributable to fluid flow. The relative 

importance of each mechanism depends on the rock type and on the physi-

cal conditions. 

In this chapter the influence of a number of parameters on attenua-

tion is discussed. These are: 

Frequency 

The microstructure of the rock 

Saturation 

Joints 

Stresses 

Strain amplitude 

Temperature 

_ 
- 
- 
-_, 
- 
- 
_  
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3.1 	THE SIGNIFICANCE OF FREQUENCY 

The anelastic attenuation (energy absorption) of a seismic wave de-

pends strongly on the frequency. The total attenuation including geo-

metrical spreading can be described by the formula: 

-u fr  

A neQV  
A = 

r
n 

where A = The amplitude at a distance r from the source 

A
0 
 = The amplitude at the source 

r = The distance from the source  

n  = A parameter describing the geometrical spreading  

n  = 0 plane wave  

n  = 1/2 cylindrical wave  

n  = 1 spherical wave 

f = frequency 

V = velocity  

Q  = quality factor (attenuation parameter) 

If we consider a plane wave the skin depth, namely the distance r
s 

 

at which the amplitude falls to  l/e  of its initial value, is given by: 

QV 
S 	uf  

Assuming that  Q  = 100 and V = 5000  m/s  we obtain the results shown 

in Table 1. 

Table 1 	Skin depth at different frequencies. 

Frequency 	(Hz) 100 1.10
3 

10.10
3 

100.10
3 

Skin 	depth 	(m) 1590 159 15.9 1.59 

A number of laboratory tests on the frequency dependence of  Q  have 

been carried out. The common assumption that  Q  is always independent 

of frequency is presently undergoing critical evaluation. The situation 

today may be summarized as follows: 



- 
- 
m 

et, 

a, 
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- Q  is independent of frequency over a broad frequency range 

10
-2 

to 10
7 

Hz for dry rocks, Johnston et. al (1979). 

- Q  is strongly dependent on frequency for fluid-saturated 

rock,  Tittman  et. al (1981). 

3.2 	THE SIGNIFICANCE OF MICROSTRUCTURE OF ROCK 

Numerous attenuation mechanisms have been proposed. They can however 

be related to one of the following effects: 

- Frictional sliding between crack surfaces and grain bound-

ary contacts. 

- Fluid flow. 

- Geometrical effects - scattering off small pores and selec-

tive reflection from thin beds. 

All these effects are related to the microstructure of the rock. The 

relative importance of each mechanism depends on a number of factors 

e.g: 

Rock type 

Saturation state 

Stresses 

Frequency 

Amplitude of the seismic wave 

3.3 	THE SIGNIFICANCE OF SATURATION 

The presence of fluid, in general water, has two effects on the at-

tenuation. First, the attenuation is generally higher for fully or 

partially fluid-saturated rocks than for dry rocks. This is a result 

of a mechanicsm of attenuation in the fluid. Secondly, the quality 

factor  Q  for saturated rocks is frequency-dependent. 



= incident  P-wave 

Pr= reflected  P-wave 
= transmitted  P-wave 
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3.4 	THE SIGNIFICANCE OF JOINT APERTURE AND FILLING MATERIAL 

A joint can be modelled as a thin planar layer filled with a material 

having elastic properties different from the surrounding rock. We shall 

consider the normal incidence of a plane  P  wave of frequency f (Fig. 1). 

Fig. 1 	Joint model. 

The complex reflection coefficient  R,  which is the ratio of the dis-

placements of the incident and reflected  P  waves is given by Rayleigh 

(1945) as  

R = (Z/Z
1
-Z

1
/Z)/(Z/Z

1
-Z

1
/Z+2icot(

2ufd
)) 

V 

where Z = Vp and Zl  = V
i
o
l 

1 

provided  d  is small. 
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The amplitude IR1 and phase  e  are obtained as: 

e 	. 	arctan 

(Z/Z
1
-Z

1
/Z)

2 

(Z/Z
1
-Z

1
/Z)

2
+4cot

2
(2ufd/V

1
)  

-2cot(2ufd/V1) 

(Z/Z
1

-Z
1

/Z)  

The 	energy of a  P-wave is 	proportional 	to 	ZA
2 

where A is the ampli- 

tude. 	The energy 	of the incident 	wave 	is 	equal to 	the sum of the 	en- 

ergies 	of reflected and transmitted waves: 

ZA.2 	= 	ZA
r
2 	
+ ZA

t
2  

where A.,  A
r 
 and A

t 
are the amplitudes of the incident, 

reflected and transmitted wave respectively 

This results in: 

R
2 
+T  2  =   1  

d  2 
T  = yl-R 

where  R  and T are the reflection and transmission coeffici-

ents respectively. 

In the following analysis two joint filling materials, water and 

quartz, and five joint apertures (0.1, 0.5, 1.0, 2.0 and 4.0 mm) are 

considered. The relevant material properties are given in Table 2. 

TABLE 2 	Material properties. 

Material 
Densiy  
(kq/m 	)  

P-wave 	velocity 
(m/s)  

Water 1000 1500 

Quartz 2650 6000 

"Crystalline 	rock" 2700 5500 

Fig 2A shows the transmission coefficient for the water layer and 

Fig 28 for the quartz layer. 
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Fig, 2 	P-wave transmission coefficient as a function of frequency. 
A) Water layer with aperture of 0.1, 0.5, 1.0, 2.0 and 4.0 mm.  
B) Quartz layer with aperture of 0.1, 0.5, 1.0, 2.0 and 4.0 mm 
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From Fig. 2 we can draw the following conclusions: 

The transmission decreases both with increasing frequency 

and aperture. 

6, 	 The transmission is strongly dependent on the filling mate-

rial or more precisely on the difference in acoustic impedance 

between the filling material and the surrounding rock. The 

transmission through the quartz layer is nearly 100% for 

all frequencies and apertures. For the water layer the 

transmission varies between nearly 100% to nearly 0% depend-

ing on the aperture and frequency. 

When designing a cross-hole seismic system sensitive to attenuation 

the frequency dependent behaviour of the transmission must also be 

taken into account. According to Fig. 2A frequencies in the range of 

about 10-60 kHz combine a reasonable sensitivity with a broad range 

of the joint apertures that can be expected in the field. However, 

the high sensitivity must be paid for by the loss of transmission 

distance. 

The transmission through an air-filled joint is nearly zero in the 

frequency band of 1-100 kHz. However, the joint model shown in Fig. 1 

is a simplification of the real conditions. The aperture may vary 

considerably, asperities may e.g. be in contact in a part of the 

joint but separated in another part. 

In a field situation the seismic wave normally propagates through a 

number of joints one after the other. The transmission coefficient 

for  n  such parallel joints, T
n
, is: 

T
n
= T n  

l 
 

where T
1 
= transmission coefficient for a single joint 

The energy emerging after transmission through a number of joints is, 

of course, smaller than that emerging after transmission through a 

single joint. In principle a number of joints with small aperture have 

the same attenuation effect on the signal as a single joint with a 

large aperture. 
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The equivalent number of small-aperture joints is estimated as follows: 

T
1 	

2 
= V1 - R

1 
 

n/2 
T
n 

= (1 - R
s
2
) 

where T
1, 

T
n 
= transmission coefficients for a single large 

aperture joint and  n  small aperture joints 

respectively 

R
1, 

R
s 

= reflection coefficients for a single large 

and a single small aperture joint respectively  

n  = equivalent number of small-aperture joints 

If R
1 

and R
s 

are small then: 

1 	2 	n 	2 
1 - 7  R

1 	
1 - 7 R

s  

• ( 1)2  n  
R
s 

R  
2 	A  

1 • A+B
1 

A  
R
s
2 
• A+B

s 

where A = (Z/Z
1
-Z

1
/Z)

2 

B
1 

= 4cot
2
(2ufd

1
/V

1
) 

B
s 

= 4cot
2
(2ufd

s
/V

1) 



The required number  n  is then: 

A  
R 	A+B

1  
n 	(-

1
)
2 

= 
R
s 
	A  

A+B
s 

If A<<B and  B  then: 
1 	s  

B
s 	

4cot2(2ufd
s
/V

1
)  

n  -  B  - 
1 	4cot

2
(2ufd

1
/V

1
) 

12 

and 
2ufd

s  
V
1  

are both assumed to be small we get 

Fig. 3 shows the transmission coefficient for the following cases: 

A single 0.5 mm aperture joint. 

25 0.1 mm aperture joints. 

A single 2.0 mm aperture joint. 

16 0.5 mm aperture joints. 

All joints are assumed to be filled with water. 
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Fig. 3 	Transmission coefficients as a function of frequency for 
single large aperture joint and many small aperture joints. 

There is about the same transmission coefficient for one 0.5 mm joint 

and 25 0.1 mm joints especially for low frequencies. However, for the 

second case the agreement is poor. This is because the approximations 

in the analysis are valid only when the product fd is small. 

3.5 	THE SIGNIFICANCE OF STRESSES 

Laboratory tests on the influence of stresses on attenuation have 

been carried out among others by Toksöz et. al (1979), Winkler and  

Nur  (1979), and Johnston and Toksöz (1980a). Their results show that 

the attenuation decreases with applied pressure, levelling off to a 

constant value at high stresses. The decrease of attenuation is 

thought to be due to the closure of microcracks in the rock. 
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At ultrasonic frequencies Toksöz et. al (1979) and Johnston and 

Toksöz (1980a) show that the rate of decrease of attenuation depends 

upon: 

Saturation. The rate of change with stresses is greater 

for air-dry rocks than water-saturated rocks. 

Rock type. 

Crack porosity and distribution. 

In a field situation a redistribution of stresses influences also the 

aperture of existing joints, besides the microstructure of the rock, 

and may also create new joints. 

The normal stress acting on a joint is related to the normal displace-

ment by the formula, Goodman et. al (1968): 

a 	K 
n 

= 
n 

S
n  

where a
n 

= normal stress  

K
n 
 = normal stiffness 

= normal displacement  S
n  

G
n .=. —  

n 	K
n 

dcS  
The rate  of change of  normal  displacement with  stress

'  do
e
'  

n 
is: 

d5  dc5
n 	1 

dd
n 

- K
n  

It should be mentioned that the normal stiffness varies considerably 

not only with the physical condition of the joint but also with the 

stress level. The normal stiffness has been determined on small blocks 

from the Luossavaara Research Mine. At stress levels less than 20 MPa 

the normal stiffness varied between 10 and 100 GPa/m, Nordqvist (1985), 

depending on the type of joint. 

- 

_ 

- 

(5 
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dd
n - 10

-1 
- 10

-2 
mm/MPa. Thus 

dcr
n  

In-situ measurements were also performed. The normal stiffnesses were 

about one tenth of those obtained by measurements on small blocks. 

This is due to the fact that the in-situ method does not detect small 

asperities. On a large scale, the in-situ method is believed to repre-

sent more realistic values. 

n  
Thus 	- 1 - 10

-1 
 mm/MPa is the more acceptable range. 

do  
n  

According to Fig. 2A an aperture change of 1 mm affects the transmis-

sion significantly in the frequency interval 10-60 kHz. If the seis-

mic wave propagates through a number of joints, even much smaller 

aperture changes may be detected. 

However the potential for using ultrasonic cross-hole seismics for 

stress redistribution assessment is limited to low stress levels. 

This is due to the closure of both microcracks and joints. 

3.6 	THE SIGNIFICANCE OF STRAIN AMPLITUDE AND TEMPERATURE 

Laboratory data e.g. Winkler et. al (1979), Johnston and Toksöz 

(1980b) show that for strain amplitudes less than 10
-6 

the attenua-

tion is independent of the strain amplitude. The relation between 

strain,  c,  and particle velocity, 
(12.  
dt'  is:  

ds 
=  - /V  

!c
ci
ls
tl 
	<  

5 mm/s if 

V = 5000 m/s 

< 10
-6 

Normally, waves used in seismic exploration have a low amplitude 

and the attenuation is therefore not dependent on the strain amplitude. 

dd  
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The temperature dependence of attenuation has been studied by 

Gordon and Davis (1968).  Q  is generally temperature independent at 

temperatures less than 150°C in dry rocks. The attenuation increases 

at higher temperatures due to thermal cracking. 

4 	 MEASUREMENT SYSTEM  

The cross-hole seismic measurement system consists of three main 

parts (Fig. 4). These are: 

Transmitter 

Receiver 

Monitoring system 

4.1 	TRANSMITTER 

A capacitive discharge pulse is generated in a "electronic box" and 

feeded to a magnetostrictive core. The core, manufactured by  SIMRAD,  

Norway, has a resonance frequency of 38 kHz. This source is characte-

rized by 

Directionality 

Repeatability 

Low energy 

a_ 	 High frequency (Amplitude peak at 38 kHz) 

High repetition rate (max 20 pulses/sec) 

The low energy and high frequency result in a short maximum transmis-

sion distance in rock. However, as the source generates repeatable 

pulses at a high repetition rate it is possible to use signal averag-

ing-stacking. Several hundreds of stacks are made in some tens of 

seconds. 
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Fig. 4 	The main parts of the cross-hole seismic measurement system. 
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4.2 	RECEIVER 

Hydrophones manufactured by Brüel & Kjaer have been used as receivers. 

Technical specification supplied by the manufacturer  

Voltage sensitivity: 	 630 pV/Pa 

Frequency range: 	 ±2dB 1 Hz to 80 kHz 
-10dB 1 Hz to 125 kHz 

Horizontal directivity: 	±2dB (typical) 

(at 100 kHz) 

Vertical directivity: 	 ±2dB (typical) 

(at 15 kHz) 

Operating temperature range: -10°C to +65°C 

Sensitivity change with: 	< -0.04 dB/°C 

temperature 

Sensitivity change with: 	- 3.0
-7 

dB/Pa 

static pressure 

Dimensions: Length: 
	

248 mm 

Body diameter: 
	

24 mm 

Width across the 
cage: 
	

132 mm 

Weight: 
	

2.5 kg 

* Nominal value, each hydrophone is supplied with its own 

calibration data. 
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4.3 	MONITORING SYSTEM 

A computer-based system for data acquisition and signal analysis, 

SIGRAM 034, has been used. 

The system includes a central computer and transient recording units. 

The central computer consists of a graphic terminal, a 16-bit micro-

computer, a Winchester unit to store both software and signals and 

a Floppy Disc Unit to store signals permanently. The transient record-

ing units are housed in three portable 19 inch rack cabinets. Each 

rack can take one clock and control unit and a maximum of nine tran-

sient recording modules. 

Technical specifications supplied by the manufacturer  

Central computer:  

Mainframe: 
	

10.6  MB  Winchester 

1.2  MB  8 inch Floppy  

LSI  11/23 CPU (Digital Equipment Corp) 

256 kB RAM 

Terminal: 
	

Monochrome CRT 768x240 pixel graphics 

Transient recording modules:  

Mainframe: 

Recording modules: 

Individual power supplies 

9 channels/mainframe 

128 ksamples memory capacity in store mode 

64 ksamples memory capacity in stack mode 

4 ksamples memory in short stack mode 

Six pole anti-aliasing Bessel type filters 

12 bit  A/D  converter 

200, 100, 50 or 25 kHz sampling frequency 

0.1, 0.25, 1.0 or 5V range 

256, 128, 64 or 32 samples pre-trigger view 
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5 	 MEASURING TECHNIQUE  

The measurements have been carried out in 6.5 inch diameter hammer-

drilled bore-holes. The bottom of the bore-holes is tightened by a 

wooden plug and clay. Both the transmitter and the receiver bore-holes 

are filled with water. The area between the bore-holes is scanned by 

moving both the transmitter and the receiver along the bore-holes 

between measurements (Fig. 5). As the transmitter is directional, alu-

minium rods were used in order to control the direction of the trans-

mitter relative to the receiver. 

Fig. 5 	The principle of the measuring technique. 

The signals are amplified 10 times and  bandpass  filtered, 5-100 kHz. 

A sampling frequency of 200 kHz has been used for all measurements. 

Each signal consists of 4096 samples corresponding to about 20 ms in 

time. Generally, 200 signals have been averaged (stacked) in order 

to increase the signal-to-noise ratio. 
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6 	 SIGNAL ANALYSIS  

The software in the SIGRAM system enables a rational analysis of sig-

nals to be made. The system can also be easily programmed to carry 

out signal analysis on a number of signals. Time consuming signal ana-

lysis may e.g. be performed during the night by starting the program 

in the evening. 

Following parameters have been determined on every measured signal: 

Time domain  

- Arrival time 

- Rise time 

- Rise velocity 

- First-arrival amplitude 

Maximum amplitude 

Minimum amplitude 

RMS (0.5 ms integration window) 

RMS (1 ms integration window) 

Signal quality (Ocular inspection) 

Frequency domain  

An amplitude spectrum based on 1 ms window from the first arrival has 

been determined by FFT analysis. The spectrum obtained has been sampl-

ed at multiples of 2 kHz from 4 to 50 kHz. 

Other recorded data  

Transmitter depth 

Receiver depth 

Signal number 

All data were transferred to another minicomputer  (NORD  100) via a 

serial link. A program arranges the transferred data in a database 

system called STAR, Pekkari & Pekkari (1985). The data are arranged 

in a matrix form. The columns in the matrix represent signal parame-

ter data (e.g. travel time, rise time etc), one row representing one 

signal. The STAR system includes a number of facilities e.g. graphical 

presentation of data. Several parameters can be plotted, for example, 

against each other. 

-- 

- 
- 
_ 

_ 
_ 
- 
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7 	 TESTS OF THE MEASUREMENT SYSTEM  

7„1 	STACKING 

Stacking is an essential part of the technique. Without stacking it 

is sometimes difficult to distinguish the signal from the noise. 

In theory the signal to noise ratio should increase by a factor 

(n=number of stacks) if just random noise is present. A practi-

cal test in the mine has been carried out. 1, 10, 50, 100, 200, 500 

and 1000 signals were stacked. The RMS value has been calculated on 

a part of the stacked signal, consisting of only noise, according to 

the formula: 

t
2
-t

1 
= time window 

f(t) = stacked signal containing just noise 

The noise level, RMS, decreases with increasing number of stacks as 

follows: 

RMS = K/4151  

where  

K 	= constant 

ln(RMS) = ln(K)-1 ln(n) 
7 

Fig. 6 shows ln(RMS) as a function of ln(n). 

The agreement between the theoretical line and measured data is good. 

Just a small part of the total noise may therefore be nonrandom. 
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Fig. 6 	The natural logarithm of the noise level, ln(RMS), as a 
function of the natural logarithm of the number of stacks, 
in(n). The theoretical relationship is shown by the straight 
line with the slope -1/2. 
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7.2 	DIRECTIONAL DEPENDENCE 

A field study has been carried out in order to determine the direc-

tional dependence of the transmitter. The transmitter was rotated 

around the bore-hole axis between measurements (Fig. 7). 

Fig. 7 	Directional dependence test of the transmitter. 

The RMS value based on the first 0.5 ms from the first arrival was 

calculated. Fig. 8 shows the result. All data are normalized to the 

value 100 corresponding to the direction angle of 0°. 
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Fig. 8 	Directional dependence of the transmitter. 
The RMS value as a function of direction angle. 

We can note a fast decrease for the first 75° followed by a slow de-

crease until the minimum of 20 is reached. The right part of the curve 

(from 180°) should in theory be a mirror image of the left part. This 

is nearly true according to the test. 

Of particular interest is the directional behaviour for small angles 

because in practice it is difficult to adjust the direction angle with 

an accuracy better than say, 15°. Fig. 9 shows the result from a de-

tailed study for the first 90°. Three measurements were carried out 

at different transmitter/receiver locations. Here also, all data were 

normalized to 100, at a directional angle of 0°. 
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Fig. 9 	Directional dependence of the transmitter, detailed study. 
The RMS value as a function of the direction angle. 

Clearly, an error of 15° in the adjustment of the direction angle 

corresponds to an error of 5% in the estimated RMS. 
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7.3 	REPRODUCIBILITY 

There are four factors which influence the reproducibility of the total 

system: 

The accuracy in adjusting the direction of the transmitter, 

The accuracy in adjusting the depth of both transmitter and 

receiver. 

The repeatability of the individual seismic signals. 

Noise level. 

The first two factors are by far the dominating ones. Even if indivi-

dual signals show some differences, stacked signals are very nearly 

repeatable. A test shows that the standard deviation for the maximum 

amplitude is of the order of tenths of a per cent for signals stacked 

200 times. 

The reproducibility of the total measurement system has been evaluat-

ed. The maximum amplitude as a function of depth for two repeated mea-

surements is shown in Fig. 10. 

The maximum deviation for strong signals (signal/noise ratio >10) is 

about 25%, the average about 11%. For weak signals the reproducibility 

is not so good since they are more affected by changing noise levels.  

Ih  section 7.2 it was concluded that a 15° error in adjusting the di-

rection of the transmitter results only in a 5% error in RMS. Thus, 

the error in adjusting the depth appears to be the crucial one for 

reproducibility. 
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Fig. 10 	Reproducibility test. The maximum amplitude as a function 
of depth for two repeated measurements. 

7.4 	THE SIGNATURE OF THE SEISMIC SIGNAL 

Seismic measurements were performed in a deep lake in order to determine 

the  P-wave signature of the source. Compared with rock, water is an 

excellent medium for transmission of  P-waves. The quality factor  Q  

is about 10
5 

for water and 10-200 for rock, Jaeger & Cook (1979). 

Fig. 11A shows the seismic signal measured 2 m from the source at 

a depth of 11 m (lake bottom at 22 m) and Fig. 118 the correspond-

ing amplitude spectrum. 
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Fig. 11 
	

P-wave signature of the source. 
A: The signal measured 2 m from the source. 
B: The corresponding amplitude spectrum.  

We note the high-frequency signature of the source. 

In the amplitude spectrum we note five peaks with center frequency 

at multiples of 9.5 kHz. The highest peak is located at 38 kHz. 

Since the quality factor  Q  is about 10
5 

for water, the dominating 

attenuation is completely due to geometrical spreading. Fig. 12 

shows the logarithm of the maximum amplitude, ln(Amax), as a function 

of the logarithm of distance, ln(r). The geometrical spreading from 

a point source is shown in the figure by a straight line. 
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Fig. 12 	Logarithm of the maximum amplitude ln(Amax) as a function 
of the logarithm of distance ln(r). The straight line indi-
cates the geometrical spreading from a point source. 

The geometrical spreading (far field) can be generilized as follows: 

A = A
0 

r
-n  

where  

n  = 0 	for plane waves  

n  = 1/2 for cylindrical waves  

n  = 1 	for spherical waves (point source) 

It is clear from Fig. 12 that the seismic source behaves as a point 

source at distances greater than about 3-4 metres. Near the source 

the attenuation is much slower. 

Estimation of the  P-wave velocity in water (temperature about +4°) 

gave the result V = 1414  m/s.  
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7.5 	THE INFLUENCE OF THE BOREHOLE ON THE SEISMIC SIGNAL 

Blair (1984) has analysed the interaction of an elastic wave with 

both empty and fluid-filled borehole. Fourier-Bessel theory was used 

to derive filters representing the influence of boreholes on partic-

le motion induced in rock by a plane  P-wave incident perpendicular 

to the borehole axis. The effect of the borehole was shown to be 

negligible for wavelengths greater than 10 times the borehole cir-

cumference This corresponds to frequencies in the range of 800-1200 

Hz for 165 mm diameter boreholes in crystalline rock (Vp=4000-6000  

m/s).  For higher frequencies the influence of borehole is signifi-

cant. Fig. 13 shows the transfer function for a water-filled borehole, 

from Blair (1984). 
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Fig. 13 	Borehole influence. The transfer function for a water-
filled borehole. 

aa = 2Tra/X where a is the borehole radius and A is the  

P-wave wavelength, from Blair (1984). 

The sharp peaks in Fig. 13 are due to resonances of the water-

filled borehole which acts as a selective reflector. These peaks 

have a uniform spacing and are located at: 
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nV
f 

aa = —u— (m+21) 	m = 1, 2, 3, 4 ...  

P 

V
f 
 and V are  P-wave velocities for the water and rock  

P  
respectively. 

This results in: 

V
f(m+1) 

f = 7—a- 	4 

where  

f = frequency 

If  V
f  = 

1450  m/s  and a = 165 mm then 
1 

f 	4.394 (m+4) kHz 

Blair (1984) also concluded that the cylindrical surface of the 

borehole appears as a planar surface when aa > 2.0. This corresponds 

to frequencies greater than about 10 kHz if V
P 
 = 5500  m/s.  

A representative signal measured in very good rock is compared with 

a signal measured in a lake in Fig. 14. 
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Fig. 14 	A representative example of a signal measured in very good 
quality rock a few metres from the source and a signal mea-
sured in a lake. 
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Even though anelastic attenuation is present in rock, Fig. 14 clear-

ly indicates that the first 100 psec part of the signal is not signi-

ficantly affected by the borehole. This has been observed on nume-

rous signals measured at short distances in good rock. It has also 

been observed that the maximum amplitude is almost always located 

at the sixth peak from the first arrival and the magnitude is about 

50-80% larger than the second peak. The signals measured in the lake 

show that the second and the sixth peaks are almost equal. These con-

tradictory results could be explained by assuming that the borehole 

acts like a reflector for high frequencies. The wave reflected at 

the borehole-rock interface arrives about 105-115 psec later than 

the first arrival for a 0 165 mm borehole. The uncertainty in travel 

time is due to differences in borehole diameter and errors in the 

centering of the hydrophone in the borehole. The reflection coeffi-

cient is about 0.8 for the rock types present in the Research Mine. 

In Fig. 15 the calculated signal assuming in-hole reflection is com-

pared with a signal measured in good rock a few metres from the source 

Even though the calculation is not based on selective reflection as 

proposed by Blair (1984) we observe a reasonable agreement between 

the two signals. 

Another obvious difference between signals measured in rock and in 

the lake is the signal duration. The duration is much longer in sig-

nals measured in rock. This fact could be taken as an evidence for 

in-hole reflection. However, it can also be explained by later arri-

vals e.g. reflections and wave conversions. 
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Fig. 15 	Comparison with a calculated signal assuming in-hole re- 
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7.6 	THE SIGNIFICANCE OF AMPLITUDE RESPONSE 

OF THE MEASUREMENT SYSTEM 

An infinite broadband measurement system is of course an ideal one. 

Real measurement systems have however a limited bandwidth. Blair (1982) 

has analysed the influence of the frequency response of real measure-

ment system on rise time measurement. He concluded that frequencies 

in the megahertz region make a significant contribution to the rise 

time of pulses measured a meter or so from an impulsive source. The 

very high frequencies are cut off by the measurement system which re-

sults in a too large estimated value of the rise time. He also conclud-

ed that the system also influences to some extent the slope of the 

plot of rise time against distance. 

The Fourier transform of an impulse function is a constant i.e. all 

frequencies have the same amplitude. Generally, a real seismic source 

is not impulsive. The conclusions drawn by Blair (1982) may therefore 

not be relevant to the behaviour of a real seismic source. 

The test in the lake showed that the source generates frequencies in 

the range of about 10-50 kHz. This is within the bandwidth of the 

measurement system used. 
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8 	 COMPARISON BETWEEN DIFFERENT SIGNAL PARAMETERS  

8.1 	THE RELATION BETWEEN FIRST ARRIVAL AMPLITUDE AND 

MAXIMUM AMPLITUDE 

Generally, the first arrival amplitude represents the fastest ray-

path. The maximum amplitude defined as (Amax-Amin)/2 may however be 

due to a mixture of many rays travelling along different paths, es-

pecially in a jointed rock. Error in centering the hydrophone in the 

borehole may also result in a scatter of maximum amplitude values if 

borehole effects are present (in-hole reflections). Thus, we 	should 

expect only a weak correlation between these parameters. Fig. 15 shows 

the logarithm of maximum amplitude as a function of the logarithm of 

first arrival amplitude. 

Fig. 16 	The logarithm of maximum amplitude as a function of the 
logarithm of first arrival amplitude. 
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Evidently, contrary to expectation the correlation is not weak. All 

data are reasonably well gathered along a straight line with a slope 

equal to 1. The maximum amplitude is proportional to first arrival 

amplitude. In the opinion of the author the measurement system is cru-

cial for the correlation between these parameters. The transmitter 

must generate repeatable pulses and the quality of coupling between 

the borehole wall and transmitter/receiver must always be the same. 

The good correlation between the two parameters is also of practical 

importance since the first arrival amplitude is more often distorted 

by noise. 

8.2 	THE RELATION BETWEEN FIRST ARRIVAL AMPLITUDE 

AND RMS (Root Mean Square) 

The first arrival amplitude and the maximum amplitude represent 

"point" measures in the sense that just one or two points from the 

entire waveform are used. The RMS represents however a broader mea-

sure since many points are used in the calculation. 

Let S(t) = Signal 

N(t) r. Noise 	 

\I  1  t2 

1  

lt 
	 12(S2(t)+N2(t)+2S(ON(t))dt  t - 
2 1 t

1  

If the noise is not correlated with the signal we obtain: 

RMS  (S(t)+N(t))2dt t2-t1 t 
1 

RMS -  

This relation can be used to minimize the influence of noise by cal-

culating the RMS integral on a part of the record containing just 

noise. 
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However in a field situation, e.g. a mining environment, the noise 

level may vary considerably. The noise RMS must be determined in such 

situations in each separate case. 

The relation between the logarithm of RMS as a function of the loga-

rithm of first arrival amplitude is shown in Fig. 17. The time win-

dow length is 1.0 ms for the RMS calculation. 

Fig. 17 	The logarithm of RMS as a function of the logarithm of the 
first arrival amplitude. 

Clearly a straight line with the slope equal to I can be fitted to 

the data. This shows that the RMS is proportional to the first arri-

val amplitude. The same relation holds also for the RMS based on a 

time window of 0.5 ms. 
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8.3 	THE RELATION BETWEEN FIRST ARRIVAL AMPLITUDE 

AND  P-WAVE VELOCITY 

The first arrival amplitude is a parameter dependent on transmission 

distance. This must be taken into account when comparing it with the  

P-wave velocity. Fig. 18 shows the first arrival amplitude and the  

P-wave velocity as a function of the depth in the borehole. Since the 

transmitter and receiver boreholes are parallel no distance correc-

tion is needed. 

The maximum error in the velocities determined is estimated as 

±75  m/s.  The transmission distance is about 4 m. However, the maxi-

mum at 12 m depth and the minimum at 8 m depth are significant. They 

correspond, as expected, to maxima and minima for the first arrival 

amplitude. This has been observed in a number of similar comparisons. 

The  P-wave velocity varied however just within a few percent. An over-

all correlation between the two parameters is not possible to carry 

out due to the uncertainty in the velocity determined. Fig. 18 also 

shows another interesting difference between the parameters, namely 

the sensitivity. The  P-wave velocity varies just within a few percent 

but the first arrival amplitude may vary within nearly 2 orders of 

magnitude. 

This enormous difference in sensitivity is related to the frequency 

of the seismic signal. The higher the frequency the higher is the 

sensitivity. 
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Fig. 18 	The first arrival amplitude and the  P-wave velocity as a 
function of depth. 
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9 	

ROCK MASS CLASSIFICATION 

9.1 	

GEOMECHANICAL ROCK MASS CLASSIFICATION 

Cross-hole seismic measurements have been carried out in two different 

areas, the location of which is shown in Fig. 19. 

AA, vertical sect; Oh 

ISM 

1 

Fig. 19 	

LOCatiOn of measurement areas in the Research Mine, Kiruna° 

Both areas are located in the hanging-wall in a competent quartz bea 

ring porphyry 

- 

The rock in each area has been classified from a geomechanical point 

of view using the method proposed by Bieniawski (1976). The result 

is shown in Table 3. 

According to the Rock Mass Rating (RMR) score area A is classified 

as a very good rock (class No 1) and area 

 B 
 as a good rock (class 

No 2). 
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TABLE 3 	Rock mass characterisation/classification of measurement 
areas. 

RQD* 
Number of 
joints/m 
drillcore 

Total 	rock 	mass 	rating 
"Bieniawskis 	RMR" 

Area A 95-100 1.8 82 

Area  B  65-100 4.6 61 

* RQD = Rock Quality Designation 

9.2 	ATTENUATION 

The attenuation of a seismic wave depends on a number of parameters 

(Chapter 3). However, in this particular case it is reasonable to as-

sume that apart from the joint frequency the rock conditions are the 

same in both areas. Differences between area A and  B  in terms of atte-

nuation and/or velocity may therefore be interpreted as a result of 

differences in joint frequency. 

Fig. 20 shows the logarithm of the maximum amplitude as a function 

of travel time for areas A and  B,  from which we can draw the following 

conclusions: 

The seismic signal is attenuated much more rapidly in 

area  B.  

The scatter of the amplitude is wider in area  B.  

At short distances the maximum amplitude is about the same 

in both areas, probably due to the fact that geometrical 

spreading dominates at short distances. 

If the smallest detectable amplitude corresponds to ln(Amax)= 

-3 the maximum transmission distance is about 23 m (about 

4 ms travel time) in area A and about 11 m (about 2 ms 

travel time) in Area  B.  
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Fig. 20 	The logarithm of maximum amplitude as a function of travel 
time for test areas A and  B.  

The quality factor  Q  has been calculated for area A from the formulag 

-u fr 
A 
0 	QV 

r 

ln(Ar)-1nA _  -fr 
 

0 - Qv 

In applying this formula the amplitude was calculated at four frequ-

encies, 10.9, 19.5, 29.7 and 38.2 kHz. These correspond to the amp-

litude peaks observed in the test in Torneträsk lake. In order to 

reduce errors in the amplitude estimates five consecutive data points 

in the amplitude spectrum were averaged. 
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To get an idea of the range of  Q  rather than the mean in area A the 

two strongest and two weakest signals at each transmission distance 

were analysed. Fig. 21 shows ln(Ar) as a function of r for strong sig-

nals at two different frequencies, 38.2 and 10.9 kHz. 

Fig. 21 	Estimation of quality factor  Q.  ln(Ar) as a function of 
distance r for strong signals at the frequencies 38.2 and 
10.9 kHz. 

We note that the 38.2 kHz component is attenuated much more rapidly 

than the 10.9 kHz component. 

A straight line can be fitted to the data by linear regression and 

the slope of the line is used for  Q  estimation. The results are shown 

in Table 4. 
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TABLE 4 	Results from estimation of quality factor  Q  in area A. 

Frequency 
(kHz) 

38.2 
Strong 
signals 

kHz 
Weak 
signals 

29.7 
strong 
signals 

kHz 
weak 
signals 

19.5 
strong 
signals 

kHz 
weak 
signals 

10.9 
strong 
signals 

kHz 
weak 
signals 

Slope -0.394 -0.403 -0.361 -0.382 -0.180 -0.280 -0.133 -0.180 

Intercept 4.12 3.17 3.30 2.59 3.25 2.83 2.32 1.98 

Correla-
tion coef- 
ficient 

-0.989 -0.966 -0.973 -0.928 -0.971 -0.947 -0.976 -0.948 

Quality 
factor  Q  53 51 45 42 59 38 45 33 

We note some variation in the estimated  Q  for different frequencies. 

McKenzie (1985) has determined  Q  for different rock types in the Rese-

arch Mine by using the following formula of Gladwin and Stacey (1974): 

CT 
T = T

0 
 + --  

Q  

where  

T = rise time after propagation time t = T 

T
0 
 = initial rise time at t = 0  

C  = constant 

His result on the hanging-wall rock is shown in Table 5. 

TABLE 5 Quality factor  Q,  determined from rise times. Data obtain-
ed by McKenzie, Julius Kruttschnitt Mineral Research Centre, 
Australia. 

Location Qmean Qrange 

Hanging-wall 
Quartz-bearing 
porphyry 

32 10-75 
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The results presented in Table 4 and 5 are both based on measure-

ments in the hanging-wall rock but at different locations. However, 

we note that the results in Table 4 correspond to the upper part of 

the  Q-range in Table 5. With the knowledge of the geology in the hang-

ing-wall in general, and the measurement locations in particular, 

one would expect this result. 

The quality factor  Q  is a parameter that is independent of source and 

transmission distance. This measure is therefore advantageous compared 

to pure attenuation measures, i.e. amplitudes. However attenuation 

measures can be used for relative rock quality estimations within the 

area between parallel boreholes. For measurements between non-parallel 

boreholes the dependence on transmission distance must be taken into 

account. 

Evidently seismic wave attenuation is a parameter sensitive to the 

rock structure and can thus be used for rock classification. However, 

there are a number of other parameters which influence the attenuation 

strongly but are less important for a geomechanical rock mass classi-

fication. Examples of such parameters are: 

The microstructure of the rock. 

The moisture content. 

In special circumstances the following parameters must also be taken 

into account. 

Stresses. 

Temperature. 

Strain amplitude. 

Local variations in these parameter may limit the usefulness of atte-

nuation measurement as a rock classification method. However, other 

geophysical methods and/or ordinary preinvestigation techniques such 

as core logging and field inspection etc. may, together with seismic 

information, yield a less ambiguous interpretation. 
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9.3 	P-WAVE VELOCITY 

9.3.1 	Velocity error analysis  

There are several sources of errors which significantly influence the 

result of velocity determination, especially at short distances. They 

can, however, be divided in two main categories: 

Systematic errors. 

Random errors. 

9.3.1.1 	Systematic errors 

There are four kinds of systematic errors: 

Error in the collar coordinates, As. 

Error in the borehole orientation, AS. 

Error in the triggering, At. 

Error due to borehole bending,  Ab.  

Tests have shown that the triggering error At is very small, in fact 

in practice it is negligible. The error due to borehole deviation can 

be very large, especially in long, small diameter boreholes. However 

as the boreholes considered here are only 15 m long this error is very 

small. 

The maximum systematic error AV
max 

 in the velocity due to error in 

the collar coordinates is: 

max 	
2ASV  

Fig. 22 shows how AV
max 

 varies with the distance between two boreholes, 

S. It is assumed that V=5800  m/s  and A5=2 cm. 
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Fig. 22 	The maximum systematic error in the observed velocity due 
to error in the collar coordinates as a function of distan-
ce between boreholes. 

If the error is not to be more than 100  m/s  the transmission distan-

ce should be greater than about 2.3 m. 

The maximum error in the observed velocity due to an error in the 

borehole orientation is: 

AV 

	

	
2dVtanA0  

max 

where  

d  = depth in the borehole 

Fig. 23 shows the maximum error a
max 

 as a function of the borehole 

depth  d  for four different transmission distances 2, 5, 10 and 20 m. 

AO is assumed to be 0.2°. 
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Fig. 23 	The maximum error in the observed velocity AV 
max 

as a 

function of depth for four different transmission distanc-
es 2, 5, 10 and 20 m. 

Clearly even for large transmission distances the error AV
max 

 is se-

rious. However, since MI maxvaries  linearly with depth the estimat-

ed velocities can be corrected for this trend. 

9.3.1.2 	Random errors 

There are three types of random errors: 

Error in the arrival time, At. 

Error in transmitter and receiver depth, Ad. 

Error in the centering of the transmitter/receiver in the 

borehole,  Ar.  

- 
_ 
-  
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The maximum error in the observed velocity, AV max' 
due to an error 

in the arrival time, At, is: 

AV
max 	t 	S 

where 

t = travel time 

V = P—wave velocity 

S = transmission distance 

For signals with good signal/noise ratio At is about 5 us. 

Fig. 24 shows how AV
max 

 varies with distance S. It is assumed that 

V = 5800  m/s.  

VELOCITY ERROR  
(M/S)  

6 8 10 12 14 16 18 

DISTANCE BETWEEN 'BORE FIOLE5  (ni)  
Fig. 24 	Error in the observed velocity AV 	due to an error in the 

max 
arrival time as a function of transmission distance. 

Even for short distances the error 
AVmax 

is small and acceptable. 

However, for signals with bad signal/noise ratio the error AV
max 

 is 

much larger, in some cases so large that the estimated velocity is 

totally erroneous. The error is then easily detected. 

AtV 	AtV
2 

20 rn 
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The maximum velocity error 
AVmax 

due to an error in transmitter/receiver 

depth depends on a number of parameters: 

Borehole orientation. 

Transmitter/receiver location in the borehole. 

Transmission distance. 

The error in transmitter/receiver depth. 

The measurements dealt with here have been carried out in parallel 

boreholes. The transmitter and receiver were located in the boreholes 

in such a way that the relevant seismic ray was perpendicular to the 

borehole axis For this particular case the maximum error in the ve-

locity is: 

2Ad
2
V  

AV 
max 	2 

Fig. 25 shows how the velocity error varies with transmission distan-

ce. It is assumed that V = 5800  m/s  and Ad = 0.1 m. 

VELOCITY ERROR 

AV  (m/s)  
500 

400 

3oo  

200 

6 8 10 12 144 16 18 20 

DISTANCE 13ETWENI BOREHOLE5 (al) 

Fig. 25 	The maximum velocity error AV max due to an error in trans-

mitter/receiver depth as a function of transmission distance. 
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Evidently, at least for large distances, the error is negligible in 

practice. 

The maximum velocity error, AV 
max, 

due to an error in transmitter/ 

receiver location in the borehole,  Ar,  is: 
2 

where 

V
w 

=  P-wave velocity in water 

Fig. 26 shows AV as a function of S. It is assumed that  Ar  = 5.10
-3

m, 

V = 5800  m/s  and V
w 
 = 1450  m/s.  

soo  

400 

2ArV  
AV - 

V
w
S 

0 	300 

E 200  

Ui  

100 

DISTANCE INETWEtN BOREHOLE 	(m) 

Fig. 26 The 	velocity 	error 
AVmax 

due 	to an error 	in 	transmitter/ 

receiver 	location in 	the 	borehole 	as 	a 	function 	of trans- 
mission 	distance. 

The total random 	velocity error, 
AVtot, 
	is 	calculated 	as 	follows:  

n 	21 
AV

tot 	
= 

where 

AV 
i=1 

AV. 	= 	i:th 	random 	velocity 	error 

Fig. 27 	shows 	the 	result. 
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AV 11:4  (m/s)  
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100 
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Fig. 27 	The total random velocity error AVas a function of 
transmission distance. 

Clearly the random velocity error decreases rapidly with transmission 

distance. If a maximum error of no more than 100  m/s  is desired the 

transmission distance should be greater than about 3 m. 

9.3.2 	Results  

Table 6 shows the average  P-wave velocity for different transmission 

distances in areas A and  B.  

TABLE 6 	The average  P-wave velocity for different transmission 
distances in areas A and  B.  

Location A  B  

Transmission 
distance 	(m) 14.3 12.2 8.2 3.7 5.7 3.6 2.0 
Mean 	velocity 
and 	standard 
deviation  
(m/s)  

5824 

25 

5815 

33 

5792 

21 

5806 

87 

5557 

176 

5773 

87 

5790 

113 

(rn  
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From Table 6 it is concluded that the mean velocity is about 5800  m/s  

in area A and about 5700  m/s  in area  B.  This is a small difference 

compared to the corresponding difference in attenuation. 

9.4 	SIGNAL DURATION 

A high frequency seismic signal transmitted through a strongly joint-

ed rock mass is strongly attenuated. Besides this a large signal du-

ration is expected due to later arrivals caused by e.g. reflections 

and wave conversions. Fig. 28 shows two signals from areas A and  B  

respectively, both measured about 3.7 m from the source. 

Fig. 28 shows what has been observed in numerous cases. Not only the 

amplitudes and the frequency content differ between the two areas but 

also the signal durations. In principle the signal duration can be 

used as a measure of the joint frequency. 

Two RMS values have been calculated. The first, 
RMSl' 

is estimated 

on the first millisecond of the signal and the second 
RMS2' 

is esti-

mated on the second millisecond from the first arrival. The quotient 

RMS
1
/RMS

2 
is used as a measure of the signal duration. Although the 

signal duration is better characterized by the signal envelope, the 

measure used is chosen because of its calculation simplicity. A 

large quotient represents a short signal and a small one a long sig-

nal. Fig. 29 shows the signal duration as a function of joint frequ-

ency, not only for areas A and  B  but also for the ore and foot-wall 

rock. 

In the opinion of the author the signal duration should be more in-

dependent of the rock type than attenuation and  P-wave velocity but 

more related to discontinuities, e.g. joints, present in the rock 

mass. Fig. 29 supports this opinion. The number of rock types tested 

is however limited so that a definite conclusion cannot be drawn as 

yet. 
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Fig. 29 	The signal duration defined as the ratio RMS1/RMS7, as a 
function of joint frequency for rock types present in the 
Research Mine. 

It is also concluded that the signal duration is much more sensitive 

to variation in the joint frequency than the  P-wave  velcity.  The ave-

rage  P-wave velocity differs just by 2% between the two areas A and 

13, but the signal duration differs by 500%. 

The dependence of signal duration on the transmission distance was 

also studied. Fig. 30 shows two typical signals, in terms of duration, 

measured in area A, 2.3 m and 14.3 m from the source respectively. 

The difference is large in frequency content and amplitudes but small 

in signal duration. In Fig. 31 the dependence of distance on the sig-

nal duration is shown for the strongest and weakest signals in area 

A. 

As expected, the transmission-distance dependence is small both for 

the strongest and the weakest signals in area A. The signal duration 

can thus be used as a measure of the joint frequency also in non-

parallel boreholes without any transmission-distance correction. 
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Fig. 30 	Typical signals, in terms of duration, measured in 
area A, 2.3 and 14.3 metres from the source. 

SIGNAL DUPATION1 
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Fig. 31 	The signal duration as a function of distance for the 
strongest and weakest signals in area A. 
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9.5 	CONCLUSIONS 

The results presented show that both  P-wave velocity and attenuation 

as well as signal duration can be used for rock mass classification. 

The signal parameters used differ considerably in terms of sensitivi-

ty to rock type, transmission distance, source dependence etc. 

In this section I shall summarize the advantages and disadvantages 

of each parameter.  

P-wave velocity  

Advantages 

Easy to determine on signals with good signal/noise ratio. 

It has been used as a rock classification parameter for a 

long time. A lot of data is available. 

It is a distance and source independent parameter. 

Disadvantages 

It is not sensitive to small changes in joint frequency and 

aperture. 

The  P-wave velocity depends on rock type which may lead to 

ambiguity in interpretation. (A low velocity may be due to 

a strongly jointed rock mass with a high seismic velocity 

for the rock type or a slightly jointed rock mass with a 

low seismic velocity for the rock type.) 

Attenuation  (Q-quality factor) 

Advantages 

It is sensitive to small changes in joint frequency and aper- 

ture. 

It is a distance and source independent parameter. 
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Disadvantages 

The  Q  depends on the rock type. 

It has been used very rarely so far. Few data are available. 

It is more difficult to measure than velocity. 

It is sensitive to other parameters such as microstructure, 

moisture content etc. which may result in ambiguity in in-

terpretation. 

Signal duration  

As far as the author is aware no work has been carried out earlier 

on this parameter and even the results presented here are based only 

on few data so that the conclusions are very tentative. 

Advantages 

Easy to determine if computers are available. 

It is independent of rock type at least for the rock types 

tested in the Research Mine. 

Sensitive to small changes in joint frequency. 

Roughly speaking, independent of transmission distance. 

Disadvantages 

The experience with the method is very limited so far. 

The source dependence of the signal duration has not been 

investigated. 

Clearly each parameter has several disadvantages. However, taken to-

gether they definitely reduce the ambiguity problems in interpretation. 

Further research, especially concerning signal duration and attenuation, 

is recommended. 



Drill level 

60 

10 	 MONITORING OF BLAST INDUCED ROCK DAMAGES  

Cross-hole seismic monitoring of blast damages is carried out by mea-

surements before and after a blast. Changes in the seismic signal are 

believed to be related to the blast i.e. to damage in the surrounding 
rock. 

10.1 	MEASUREMENT LAYOUT 

Fig. 32 shows the location of the measurement area and the state of 
excavation of the ore. 

0 20 40m MeasuremenfAreq  

Fig. 32 	
Location of the measurement area for monitoring blast 
damage. 

The measurement area is located in Pillar 3 close to the open stope 
 D.  Figs. 334 and  B 

 show details of the measurement area in a longitu-

dinal section and a horizontal cut respectively. 
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Three different areas marked A,  B  and  C  in Fig. 33A were blasted at 

different times. 

Table 6 shows the data for each blast. 

TABLE 6 	Data for  blast  A, B and C.  

Blast 
Quantity 	of ore 

(kton) 
Quantity 	of explosives 

(ton) 
Maximum quantity 	of 
explosives 	per 	in- 
terval 

(kg) 

A 5.71 1.68 400  

B  3.51 1.03 330  

C  1.54 0.46 255 

In order to evaluate the effect of each blast, crosshole seismic mea-

surements were performed before and after each blast. 

A total of four measurements in boreholes located in row 1 (boreholes 

168, 172 and 176) and row 2 (borehole 258-278) were carried out (Fig. 

33A and  B).  

The boreholes dip as the ore, namely 62°. The measurements within 

one row were made roughly perpendicular to the ore. Measurements along 

the ore, between boreholes 172 and 270, were also carried out. 
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10.2 	RESULTS 

The RMS value (1 ms time window) has been evaluated for each signal. 

The ratio between the RMS values before and after a blast represents 

the change in the strength of the signal. 

RMS-ratio > 1.0 means decreased signal strength. 

RMS-ratio < 1.0 means increased signal strength. 

In principle changes in the  P-wave arrival time may also be used. 

However, the  P-wave velocity is not as sensitive as the attenuation 

measures. Random errors in the velocity determined may in many cases 

mask the true changes. 

10.2.1 	First blast (A)  

Fig. 34 shows the change in the signal strength for borehole-row 2, 

Fig. 35 for row 1. A shadowing technique is used to symbolize the 

change in the signal. An increased signal strength corresponds to a 

larger width of the shadowed area and vice versa. Signals with bad 

signal/noise ratio are excluded since changing noise levels can in-

fluence the result considerably. 

The effect of blast A on borehole row 2 appears to be ambiguous. The 

signal strength has both increased and decreased significantly. Bore-

hole row 1 shows however an improved signal transmission. This seems 

to be confusing at first. The effect of blast A is not just damages 

in the surrounding rock but also the redistribution of stresses. 

Stress measurements had been carried out before the excavation of the 

ore commenced. The major principal stress, c1, in the ore was orient-

ed nearly perpendicular to the sheet like orebody,  Stillborg  and 

Leijon (1982). 
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Fig. 34 	The change in signal strength in 
borehole row 2 due to blast A. 
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is calculated 9 b  
The average stress in pillar 3 before blast A,  G  

roughly as follows: 

G
1
(r

p
+r

c
/2+r

d
/2)  

- 17 MPa  

P  
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o
b 

= 

where 

P 
 = length of pillar 3 ,-,- 37 m  

r
c 
= length of stope  C 	35 m 

r
d 
= length of stope  D  7:: 24 m 

G
1 
= major principal stress before excavation started = 

= 9.6 MPa 

The average normal stress after blast A, calculated in a similar way, 

was found to be 20 MPa. The average stress change in the pillar is 

thus 3 MPa. 

According to section 3.5 this stress change is of significance for 

the attenuation at ultrasonic frequencies. 

Besides this, according to Mamaev (1976), stresses also influence'the 

extent of the damage zone. The extent decreases with increasing com-

pressive stresses. 

Borehole row 2 is located about 5 m from the nearest blasthole. Accord-

ing to the results it appears that both a redistribution of the stresses 

and blast induced damages are present in borehole row 2. Further away 

from the blast, in borehole row 1, the effect from a redistribution 

of stresses dominates. Similar results have been obtained by measure-

ments of the deformation modulus with the CSM-cell in the Fabian ore-

body,  LKAB, Malmberget,  Hustrulid  et. al. (1981). 

10.2.2 	Second blast  (B)  

Fig. 36 shows the change in signal strength for borehole row 2, 

Fig. 37 for row 1. 
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Generally, row 2 shows small changes in the upper part of the area. 

In the central area of the lower part the signal transmission has 

become much worse. This might be explained by blast induced rock da-

mage. 

Another possible explanation is draining of existing joints. The 

transmission through an air-filled joint is nearly zero for the fre-

quencies involved and joint apertures expected. 

Apart from a few exceptions Fig. 37 shows a general decrease in the 

signal strength both in borehole row 1 and between rows 1 and 2. 

Blast induced rock damages and draining of joints may explain the 

decreased signal strength in the lower part. 

The decrease in signal strength in the upper part appears to be more 

difficult to explain. However, the trend is significant and cannot 

be explained by measurement error. 

10.2.3 	Third blast  (C)  

Fig. 38 shows the change in signal strength for borehole row 2, 

Fig. 39 for borehole row 1. 
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We note that in borehole row 2 the signal strength has generally de-

creased. In row 1 and between rows 1 and 2 we find just minor changes. 

In the lower part of row 2 the decreased signal strength might be ex-

plained by blast induced damages. The results in the upper part app-

ear to be more difficult to explain. Row 2 is located near a free sur-

face. Compressional pulses are reflected as a tensile image at the 

surface. If the resultant tension exceeds the tensile strength of 

the rock an extension fracture occurs at that point. This phenomenon 

known as "spelling" was observed in the drift where the measurement 

boreholes are located. It is difficult to estimate how far away from 

the free surface the spelling effect extends. However, it is defini-

tely an effect which must be taken into account. 

10.2.4 	Total effect of the three blasts  

Fig. 40 shows the change in signal strength in row 2 due to all 

blasts, Fig. 41 for row 1. 

Apart from a few exceptions both borehole 'rows show a general decreas-

ed signal strength, especially in the lower area. Blast induced rock 

damage and/or draining of joints may explain the deteriorated signal 

transmission in the lower area. For the upper area there is a secon-

dary blast induced damage effect - spalling, which might be the cause 

of the decreased signal strength. 
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10.3 	CONCLUSIONS 

Measurement of the strength of a seismic signal at ultrasonic frequ-

encies before and after a blast has proved to be a sensitive method 

for assessment of blast induced damage. The method is sensitive to 

the overall effect of a blast. Thus, additional factors like redist-

ribution of stresses, draining/ waterfilling of joints and spelling 

must also be taken into account in the interpretation of the results. 
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11 	 COMPARISON BETWEEN GEOLOGY AND ATTENUATION  

Cross-hole seismic measurements have been carried out in a profile 

oriented perpendicular to the ore. The profile is located in Pillar 

3 (Figs. 32 and 33, Chapter 10). Since the distance between the mea-

surement boreholes is constant, a distance dependent attenuation pa-

rameter, e.g. the RMS value, may be used for a comparison between 

geology and attenuation Fig. 42 shows the variation of the RMS va-

lue, based on 1 ms time window, in the profile. A shadowing techni-

que is used to symbolize the signal strength as before. 

The signal strength varies within three orders of magnitudes on the 

profile. 

The signal strength in the ore, especially near the hanging-wall, is 

much smaller than in the foot-wall and in the hanging-wall itself. 

The joint frequency, estimated on drillcores, shows that in general 

the hanging-wall has the highest joint frequency and the ore the low-

est, Nordqvist (1985). 

However, local variations are present. For this profile the joint fre-

quency is about 3 joints per metre drillcore for the hanging-wall, 

ore and the foot-wall. Mapping of joint orientations in drifts shows 

roughly similar results for the hanging-wall, ore and the foot-wall, 

Nordqvist (1985). So the macrostructure of the present rocks cannot 

explain the differences in signal decrease. It appears that the dif-

ferences in the microstructure are the dominant cause behind the dif-

ferences in attenuation. Visual inspection of drillcores also shows 

that the ore is generally more porous than the country rock. 
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12 	 COMPARISON WITH CROSS-HOLE SEISMICS  

AND DEFORMATION MONITORING  

12.1 	INTRODUCTION 

Cross-hole seismic measurements have been carried out in the hanging.. 

wall over a period of almost two years. The hanging-wall is unload-

ed successively as the excavation of the ore proceeds. The purpose 

of this study has been to monitor changes in the seismic signal and 

correlate them with deformation measurements carried out within the 

research project "Rock mechanical measurements" in the Research Mine. 

A total of five cross-hole seismic measurements in boreholes drilled 

from a main drift in the hanging-wall towards the ore (stope  B)  have 
been carried out (Fig. 43).  

Fig. 44 shows the state of excavation on each measurement occasion. 
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Deformation measurements with the so called sliding micrometer have 

been carried out in the rock volume of interest. The sliding micro-

meter is a manual instrument which measures the change in distance 

between anchors located along the entire borehole (Fig. 45). The dis-

tance between two adjacent anchors is one metre. The accuracy of the 

instrument is about 2 pm,  Stillborg  (1983).  
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Measuring 
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B 	 C  

Fig. 45 	The sliding micrometer. 

A: Manual measurements.  

B: Details of measuring head.  

C: Measuring and sliding position of measuring head. 

From  Stillborg  (1983). 
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Since the distance between two measuring points is one metre the re-

sults are often presented as strains rather than displacements. 

The location of the sliding micrometer boreholes is shown in Fig. 46. 

Fig. 46 	Location of sliding micrometer boreholes. 
The cross-hole seismic boreholes are roughly 
parallel to borehole  SM-06. 

The boreholes are located roughly in a vertical plane perpendicular 

to the strike of the ore. The cross-hole seismic measurements were, 

however, carried out parallel to the strike of the ore. Much smaller 

deformations are expected in this direction. This must be taken into 

account in the interpretation of the results. 
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12.2 	RESULTS 

In the following the results from cross-hole seismic measurements are 

compared with the results from deformation measurements with the 

sliding micrometer. 

12.2.1 	Sliding micrometer measurements  

Figs. 47-50 show the strain and the accumulated displacement, along 

the boreholes  SM-09,  SM-01,  SM-06 and  SM-07 respectively, on the five 

measurement occasions presented in Fig. 44. 

All the results are presented relative to a reference reading at the 

beginning of 1983. 

Borehole  SM-09  

There are very small changes between measurements 1-2 and 2-3 but sig-

nificants ones between measurements 3-4 and 4-5 along the entire bore-

hole. The change in strain increases with increasing depth. 

Borehole  SM-01  

There are significant changes between measurements 1-2, 3-4 and 4-5 

along the entire borehole. The changes are however small for the first 

6 metres of the borehole but increase with increasing depth. Very small 

changes can be seen between measurements 2-3. 

Borehole  SM--06  

There are significant changes between all measurements along the entire 

borehole but they are small down to 23 m depth. Below 23 m depth the 

change is more obvious and also increases with increasing depth. The 

change is roughly the same between measurements 2-3, 3-4 and 4-5. 
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Borehole  SM-07  

Significant changes can be seen to have occured between all measurements 

along the entire borehole. They increase with depth and also tend to 

increase as the excavation of the ore proceeds. (The change between 

measurements 4-5 is larger than that between 1-2.) 

All boreholes show the same trend. The extension increases both with 

continued excavation of the ore and with increasing depth in the bore-

hole. However, the rate of change depends as expected on the location 

of the borehole. For the first measurements the zone of large extensions 

is located at the hanging-wall/ore contact. As the excavation proceeds 

this zone extends further and further away from the ore contact. Fig. 

51 shows how the zone of "large" extension increases with continued 

excavation of the ore. The broken lines are constructed, for each 

measurement, by tracing zones with an extension > 250 pstrain. 
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Fig. 51 	The distribution of the hanging-wall zone with large 
extension (> 250 pstrain) for measurement occasions 
2-5. 
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The maximum extension for measurement 1 is just about 150 Listrain and 

is thus excluded from Fig. 51. For measurement 2 the zone coincides 

with the contact zone between the ore and the hanging-wall. As min-

ing proceeds the zone extends further and further away from the ore 

contact. After the mass blast of the crown pillar (measurement 5) the 

zone extends roughly 50 metres from the ore. 

12.2.2 	Cross-hole seismic measurements 

The maximum amplitude is used for assessment of the changes. Fig. 52 

shows the maximum amplitude for the first two measurements between 

borehole 1 and 3. 

I 
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 

DEPTH (  H  ) 

Fig. 52 	The maximum amplitude as a function of depth for measure- 
ments 1 and 2 between borehole 1 and 3. Data obtained by  
C.  McKenzie et.al. JKMRC, Australia. 

The observed changes are not significant. Unfortunately no data are 

available at depths greater than 35 metres for measurement 1. 
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Fig. 53 shows the maximum amplitude as a function of depth for mea-

surements 2 and 3. 

DEPTH  (H)  

Fig. 53 	The maximum amplitude as a function of depth for measure-
ments 2 and 3 between borehole 1 and 3. Data from measure-
ment 2 were obtained by  C.  McKenzie et.al. JKMRC, Australia. 

Significant changes are observed near the beginning of the borehole 

and at depths greater than 23 metres. The change in the deeper part 

of the borehole is related to deformations rather than blast induced 

damages since stope  B  was almost completely excavated at the time of 

measurement 2. 

The change near the beginning of the borehole is also often observed 

in the sliding micrometer measurement. It is probably a local effect 

related to the drift. One possible explanation is that the drift acts 

like a reflector for strain waves from large blasts in the ore. Com-

pressional pulses are reflected as a tensile image. Even though 

spalling phenomena have not been observed it is reasonable to assume 

that the rock near the drift extends. Another possible explanation 

is the redistribution of stresses around the drift. 
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Between measurements 3 and 4 the borrowed transmitter and receivers 

with accessories were sent to JKMRC, Australia and replaced by other 

similar equipment. Since even small differences between the two equip-

ments can presumably influence the results considerably, the change 

between measurements 3 and 4 is disregarded. 

Fig. 54 shows the maximum amplitude for measurements 4 and 5. 

. 	. 	 l'i'i'l'i 
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Fig. 54 	The maximum amplitude as a function of depth for measure-
ments 4 and 5 between borehole 1 and 3. 

The signal strength has decreased dramatically along the entire 

borehole. This change is believed to be related to deformations 

caused by the sudden unloading of the hanging-wall when the crown 

pillar was mass blasted. Extraordinary problems with water leakage 

in the boreholes were encountered during measurement 5. It was nec-

cessary to plug the boreholes at a depth of about 20 metre. 
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12.3 	CONCLUSIONS 

The deformation measurements in the hanging-wall have been carried 

out in a vertical plane oriented perpendicular to the ore, the cross-

hole seismic measurements along the strike of the ore. A quantitative 

comparison of the results is thus difficult to make. It is, however, 

believed that the results from cross-hole seismics indicate the same 

qualitative behaviour of the rock as the deformation measurements. 

The following is a summary of the comparison of the results: 

Except at the contact zone between the ore and hanging-wall 

only small deformation changes are observed between measure-

ments 1 and 2. No significant change in the seismic signals 

was noted. 

The zone with major deformations (>250 pstrain) increased 

between measurements 2 and 3. The results from cross-hole 

seismics show a decrease of the maximum amplitude in the 

deeper part of the borehole. 

Similar responses from the crown pillar blast (measure-

ments 4-5) are obtained by both deformation and cross-hole 

seismic measurements. 

The overall qualitative correlation between the results from the two 

methods is good. Ultrasonic cross-hole seismics has also proved to 

be a sensitive method even though the measurements are carried out 

along the strike of the ore where the deformations are smaller than 

perpendicular to the ore. 

Compared to deformation measurements the advantages of cross-hole sels-

mics are as follows: 

The boreholes can be used for other purposes e.g. logging. 

The same equipment can be used in a number of boreholes. 

There is, on the other hand, no way to retrieve a once-in-

stalled deformation measurement device. 
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The disadvantages are: 

The method is based on water filled boreholes, which can 

create problems when, for example, the borehole ends in an 

open stope. 

The method is indirect. The propagation of seismic waves 

is related to deformations but also to other factors which 

may lead to interpretation problem. 

The method can not give absolute magnitudes of displacement 

and/or strain. 
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13 	 COMPARISON BETWEEN CROSS-HOLE SEISMICS AND  

IN-HOLE GEOPHYSICAL METHODS  

In-hole geophysical measurements have been used in boreholes located 

in the hanging-wall, see Fig. 43 section 12.1. The measurements, carried 

out by SGAB (Swedish Geological Company), included the following logg-

ings: 

Caliper. 

Gamma-gamma. 

Neutron. 

Sonic. 

Lateral resistivity. 

Point resistance. 

13.1 
	

DESCRIPTION OF BOREHOLE LOGS 

Caliper 

The caliper log measures the diameter of the borehole by means of a 

mechanical arm. Variations in the borehole diameter can be due to zones 

of crushed rock or to variations in the hardness of rocks. 

Gamma-gamma 

The gamma-gamma log is used to determine the density of the rock. 

Variations in the density may be due to changes in the lithology and 

the presence of extensive zones of crushed rock. 

Neutron  

This log is used to determine the moisture content above the water 

table and the rock porosity below the water table. However, it has 

also been shown to be sensitive to iron rich minerals, Nelson et. al 

(1980). 
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Sonic  

The sonic log is used to measure the  P-wave velocity in the borehole 

wall rock. Changes in the velocity can reveal both lithological and 

structural changes. 

Lateral resistivity  

This log is used to measure the apparent resistivity of the rock. One 

current electrode and two potential electrodes are placed in the bore-

hole while the other current electrode is placed on the ground some 

distance from the borehole. Examples of anomalous resistivity zones 

are zones of crushed rock containing water and conducting minerals. 

The boundary between two zones with different resistivities is chara-

cterized by a more or less sharp gradient in the apparent resistivity 

curve. 

Single point resistance  

The contact resistance between the probe and the borehole wall is mea-

sured. The log is sensitive to changes in the resistivity of the bore-

hole wall rock. 

13.2 	GENERAL GEOLOGY 

The hanging-wall rock is quartz-bearing porphyry, containing mainly 

quartz, microcline and plagioclase, Nordqvist (1985). Quartz phenocrysts 

are rare. The rock presents a wide colour range from red to grey shades. 

The boundary between them is not well defined. One shade passes over 

gradually into another shade. Towards the contact with the ore the 

porphyry normally becomes more and more foliated and chloritized. At 

the contact the porphyry is almost completely chloritized. The thickness 

of the chlorite layer varies but normally it is about 1-2  dm.  The boun-

dary between chloritized and fresh quartz-bearing porphyry is often 

not well defined, there being a gradual change from the one to the 

other. We can also find fresh rock within the chloritized rock as well 

as chloritized rock within the fresh rock. 
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Elastic and fracture properties have been determined on drill cores. 

The results show that there is no significant difference between the 

grey and red variants of quartz-bearing porphyry from a mechanical 

point of view, Nordqvist (1985). However, there is a clear difference 

between fresh and chloritized rock, the fresh rock being more compe-

tent. 

Besides mechanical properties some geophysical properties have also 

been determined on drill cores (Table 7). 

TABLE 7 	Geophysical properties of fresh and chloritized grey 
quartz-bearing porphyry determined on drill cores. 

Rock 	type Resistivity 

(KS-2m) 

Density 

(q/cm
3
) 

Porosity 

Fresh 	quartz- 
bearing 	porphyry 16 2.68 0.24 

Chloritized 	quartz- 
bearing 	porphyry 2 2.71 0.55 

* The porosity was determined by weighing samples in the dry 
state and saturated with water. 
The value shows the proportion of interconnected pore space 
and not the total porosity. 

The results were obtained on a small number of samples but they indi-

cate, as expected, that the chloritized rock has a lower resistivity 

but higher density and porosity. No measurements have been made on 

the red variety of quartz-bearing porphyry. It is probably plausible 

to assume that the same is true of the red variety. 

13.3 	RESULTS 

The geophysical measurements were carried out in hammer drilled bore-

holes. Close to borehole 5 there is a diamond drilled borehole. The 

distance between the boreholes is about 2 metres at the collar. The 

borehole dip is 79.68° for borehole 5 and 85.14° for the diamond drill-

ed borehole but the direction is roughly the same. The results of core 

logging have been extrapolated to borehole 5 by using additional in-

formation from other adjacent diamond drilled boreholes. 
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Fig. 55 show the results from the cross-hole seismic scan between bo-

reholes 4 and 5, the inferred geology in borehole 5 and the results 

of in-hole geophysical measurements in boreholes 4 and 5. Unfortuna-

tely, the sonic log worked unsatisfactorily, probably due to external 

noise, and is not shown here. 

The following conclusions can be drawn from Fig. 55: 

Neutron log  

There is no response to the light red porous, weakly chloritized 

quartz-bearing porphyry. A possible explanation is that the pore space 

is not interconnected. However, a number of well defined maxima are 

present in boreholes 4 and 5. It is believed that the response of the 

neutron log is strongly related to the chlorite content in the 

quartz-bearing porphyry. The effect of chlorite on neutron log has 

been reported e.g. by Nelson et.al  (1980). 

Gamma-gamma log  

A number of maxima are observed e.g. at 22 and 34 metres depth in bore-

hole 5. They coincide with maxima in the neutron log and are interpre-

ted as being caused by chlorite rich zones. 

Lateral resistivity  

Sharp gradients in the apparent resistivity curve are observed, for 

example, at roughly 3, 10, 22 and 34 metres depth in borehole 5. They 

appear to be related to chlorite rich zones. 

Single point resistance  

The overall response from this log is small. However, anomalies are 

present at, for example, 10 and 34 metres depth in borehole 5. Again 

these anomalies are assumed to be related to chlorite rich zones. 
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Australia.  

C  - Core logging. 
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Caliper  

The response from the caliper log is also small. The few anomalies 

observed e.g at 10, 34 and 37 metres depth in borehole 5 are believ-

ed to be related to chlorite rich zones. 

In summary, all the methods used appear to respond to the chlorite 

content in the quartz-bearing porphyry. The neutron log is the most 

sensitive among the logs used. 

The interpretation of the cross-hole seismic scan indicates that the 

low signal levels at the beginning of the boreholes are related to 

the red, porous, slightly chloritized quartz-bearing porphyry near 

borehole 5 and to a high neutron log response in borehole 4. The high 

seismic signal levels at 15 to 23 metres depth correspond to a low 

response in the neutron log in boreholes 4 and 5. This could be taken 

as an indication that the strength of the seismic signal is also affec-

ted by the chlorite content besides by other factors. The cross-hole 

seismic scan between boreholes 1 and 2, see Fig. 56, confirms this. 

Two chlorite rich zones have been observed, of which the first is lo-

cated at about 18-24 metres depth while the second starts at 31 metres 

depth. These zones coincide with low seismic signal levels. The first 

two minima in the seismic signal at 5-7 and 13-15 metres depth corres-

pond however to places of low neutron log responses. In section 9.4 

it was mentioned that the duration of the seismic signal is more sen-

sitive to the macrostructure of the rock and less sensitive to the 

microstructure compared to attenuation measures. Fig. 57 shows the 

signal duration defined as the natural logarithm of the RMS ratio, 

as a function of depth. (RMS(1) is calculated on the first millisecond 

after the first arrival, RMS(2) from the second millisecond from the 

first arrival.) 

Evidently, the first two minima observed in the strength of the seis-

mic signal, Fig. 56, are also present in Fig. 57. The minima at 19-23 

and 31 metre are however not present in the seismic signal duration 

measure. This fact could be taken as an additional confirmation of 

the conclusions in sections 9.4 and 9.5. 
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as a function of depth between boreholes 1 and 2. 

13.4 	CONCLUSIONS 

Among the geophysical in-hole methods used, the neutron log appears 

to be most clearly related to the chlorite content in the quartz-bearing 

porphyry. This fact could be of practical importance since both the 

elastic and fracture properties are related to the chlorite content 

in the quartz-bearing porphyry, Nordqvist (1985). 

None of these methods appears to be well suited for the detection of 

individual joints in the borehole wall, at least at present. According 

to the known geology no major fracture zone intersects the boreholes. 

So it is not possible to evaluate the applicability of these methods 

to detecting fracture zones at present. 
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Besides other factors, the chlorite content of the quartz-bearing 

porphyry also seems to affect the attenuation of the seismic signal. 

However, the signil duration does not appear to be sensitive to the 

chlorite content which can be taken as a confirmation of the conclu-

sion in sections 9.4 and 9.5. 
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14 	 THE USE OF IN-HOLE GEUPHYSICS  

FOR DEFORMATION ASSESSMENT  

In-hole geophysical measurements have been made in the hanging-wall 

before and after the crown-pillar blast, see section 12.1, 

Figs 43 and 44. Both measurements were carried out by SCAB with the 

methods mentioned in section 13. The deformation due to the blast shown 

in section 12.2.1. None of the in-hole geophysical methods used revealed 

any significant change due to the blast. Unfortunately, the measurements 

after the crown-pillar blast were carried out only down to 20-25 metres 

depth due to problems with water leakage. The sonic log worked unsatis-

factorily probably due to problems with external noise. 

It is impossible to estimate the sensitivity and therefore the use 

of these methods for deformation assessment. However, both cross-hole 

seismic and deformation measurements showed significant changes due 

to the blast in the same volume of rock where in-hole geophysical mea-

surements were carried out. It appears that these methods are much 

more sensitive than the in-hole geophysical methods used. 
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15 	 DISCUSSION  

Measures of the attenuation of the seismic signal e.g. amplitudes, 

have shown themselves to be much more sensitive to joint frequency 

than the  P-wave velocity. A very good correlation between first arrival 

amplitude and maximum amplitude or RMS is also found to exist. This 

is of practical importance since the first arrival amplitude is diffi-

cult to determine on signals with bad signal/noise ratio. Attenuation 

measures are however strongly dependent on the rock type and the trans-

mission distance, especially at high frequencies. The duration of the 

seismic signal appears to be affected by the macrostructure of the 

rock but is less sensitive to the rock type (the microstructure) and 

transmission distance. The investigation has however been rather li-

mited and the usefulness of the signal duration under other circumstanc-

es has yet to be proved. 

Ultrasonic cross-hole seismics has also proved to be a sensitive meth-

od for assessment of changes in rock conditions, whether the chang-

es are caused by e.g. blasting or a redistributed stress field. The 

potential of cross-hole seismics for stress change assessment is however 

limited to low absolute stress levels since the rock quality factor  

Q  is a constant at high stress levels. This is due to closure of mic-

rocracks and joints - the normal stiffness of the rock mass approaches 

the normal stiffness of the  rocktype  at high stress levels. 

The interpretation of cross-hole seismics on blast induced rock da-

mage can be ambiguous. The effect of the blast can be masked by a re-

distributed stress field. In the author's opinion it is also impossible 

today to determine if a change is caused by a change of aperture of 

existing joints or if new joints have been created. Another important 

factor is the hydrogeological situation. Both draining and/or water-

filling of joints may occur between measurements in a field situation. 

This must be taken into account since it definitely influences the 

attenuation significantly. The effect of blast induced damage may be 

separated from other effects by a proper choice of field site and/or 

other measurements e.g. blast vibration monitoring, borehole television 

inspection and geophysical methods. 
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In the author's opinion ultrasonic cross-hole seismics show the fol-

lowing possibilities and limitations: 

Possibilities  

It provides a means for investigating the rock between bore-

holes. This supplements the information from in-hole methods. 

It has proved to be very sensitive to structures in the 

rock which makes the technique useful for e.g. rock classi-

fication, blast damage and stress redistribution assess-

ment. 

Limitations  

The high frequency and low energy signature of the source 

result in small transmission distances, from a few metres 

to about 25 metres depending on the rock. 

It is possible to indicate the presence but not the exact 

location of a zone of weak rock between boreholes. If the 

zone intersects a number of boreholes, it may be located 

by tracing anomalies between boreholes. Another possible 

technique that can be used to locate- the zone is tomography. 

Seismic waves propagating through rock are influenced by 

a number of parameters. For practical applications we are 

generally interested in the effect of just one or a few 

parameters. The problem that this creates may be solved 

by using other additional techniques/investigations. 

The technique is based on waterfilled boreholes. Problems 

with water leakage can be serious, especially in strongly 

jointed rock. 

In spite of its limitations at present, ultrasonic cross-hole seismics 

definitely has many applications both in mining and civil engineering. 
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Besides basic research, the following work is suggested for the future. 

Development of a technique which eliminates problems with 

water leakage in the boreholes. One solution is to enclose 

the transmitter and receiver within a membrane which can 

be waterfilled and emptied as necessary. 

Tests with an omnidirectional source such as piezoelectrical 

ultrasonic sources that are available today. The field work 

will probably be facilitated and the reproducibility become 

better with an omnidirectional source. 

Investigation of borehole influence. 

Further investigation of the use of signal duration as a 

seismic parameter. 

Laboratory and field estimation of  Q  for different rocks. 

Laboratory and field experiments on the influence of stress-

es, joint-frequency, aperture and orientation on the atte-

nuation of a seismic signal 
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