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Abstract

The characteristic impedance of a rock is defined as the product of the sonic velocity and the density of the rock. Based
on previous studies, this article finds that: (1) For an intact rock, its characteristic impedance is a comprehensive physical
property, since it is closely related with strengths, fracture toughness, Young’s modulus, and Poisson’s ratio. (2) For rock
masses, their characteristic impedances either increase markedly or slightly with increasing depth. (3) The bursts of intact
rocks in laboratory are dependent on their characteristic impedances to a great extent, and strong rock bursts happen mostly
in the rocks with large characteristic impedance. (4) Rock burst occurrence in tunnel and mines has a close relation with
the characteristic impedances of the rocks. (5) Laboratory experiments on different rock samples show that seismic veloc-
ity increases as applied stress rises, and field monitored results from coal mines indicate that in the areas where rock bursts
happened, the seismic velocity was increasing markedly before or during the bursts. (7) Drillability of rock depends on the
characteristic impedance of the rock and the rock with larger impedance has lower drillability or lower penetration rate. (8)
The potential applications of characteristic impedance include evaluation and classification of rock masses, and prediction
of rock burst proneness and drillability.

Highlights

Characteristic impedance of rock mass is related to the depth below ground surface.

Rock bursts are dependent on characteristic impedance of rock.

Characteristic impedance of rock is related to its strengths, fracture toughness, and Young’s modulus.
Burst proneness and drillability of rock can be predicted by its characteristic impedance.

Keywords Characteristic impedance - Application - Rock mass classification - Underground mining - Rock burst - Seismic
events

1 Introduction

Mechanical and physical properties can describe intact rock
such as texture, grain size, Young’s modulus, Poisson’s ratio,
porosity, density, compressive strength, tensile strength,
shear strength, fracture toughness, hardness, sonic velocities,
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to at least three reasons: (1) Rock mass in the field is loaded
by in-situ stresses. However, most specimens of intact rock
used in laboratory are taken from the field and all in-situ
stresses acting on the rock mass have been released. If the
in-situ stresses are very high, the rock specimens might have
been damaged due to the stress release. (2) Rock mass usu-
ally contains geo-structures such as joints and other large
discontinuities which affect rock mass properties, but intact
rock specimens do not. (3) Rock mass often contains water
and sometimes deals with low temperatures (e.g., in cold
regions) or high temperatures (e.g., deep mines or deep
underground openings), but intact rock specimens in labo-
ratory are often dry and their temperature is usually equal
to the room temperature.

To describe and classify rock masses, many methods for
rock mass classification have been developed. These meth-
ods can be roughly divided into four categories. The first
category is the geological classification system that is mainly
based on mineral content, texture, mineral size, chemical
composition, and origin (sedimentary, igneous, or meta-
morphic) of rocks (e.g., Bieniawski 1976; Goodman 1989).
The second is the engineering classification system that
includes several methods such as rock quality designation
(RQD) (Deere 1967), tunneling quality index (Q) (Barton
et al. 1974), rock mass rating system (RMR) (Bieniawski
1973), geological strength index (GSI) (Hoek et al. 1995),
rock mass index (RMI) (Palmstrgm 1996), etc. The third
category, to a great extent based on intact rock strength,
includes the Protodyakonov index f (see, e.g., Paithankar
and Misra 1976; Zou 2017) and the “Three in One Compre-
hensive Classification System” (Lin et al. 1996) consisting
of three components—the point load strength, the specific
energy in impact penetration and the sonic velocity of the
rock. The fourth category includes relatively new meth-
ods using sonic velocity, especially primary wave velocity
(P-wave) of rock (e.g., Rawlings and Barton 1995; Zhao and
Wu 2000; Nourani et al. 2017; Chawre 2018). The aforemen-
tioned methods for classifying rocks have played an impor-
tant role in rock mechanics and rock engineering, but they
have certain drawbacks. For example, the methods in the
geological classification system contain little information
on mechanical behaviour of rock. The methods in the engi-
neering classification system like RQD, Q, RMI, and RMR
often require sample collection, tests of intact rock proper-
ties, and extensive field investigations for identifying the
frequency and nature of the discontinuities. The methods of
the Protodyakonov index and the three in one classification
require not only intact rock strength but also other param-
eters. The methods using sonic velocity are more convenient
to implement than other methods, but they have a significant
variability in the measured values of rock properties for a
given velocity (e.g., Butel et al. 2014; Karakus et al. 2005).
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Considering the above drawbacks, a new and feasible system
for rock mass classification is still needed.

Characteristic impedance was suggested for evaluation
and classification of rock masses, because the characteris-
tic impedance of rock mass could represent the geological
structures of the rock mass, e.g., joints, faults, bedding,
and mineral composition, to a certain extent (Zhang 2016).
Following this suggestion, Zhang et al. (2020a) found six
empirical relations between the characteristic impedance
and main mechanical properties such as Young’s modulus,
Poisson’s ratio, mode I fracture toughness and uniaxial com-
pressive, tensile and shear strengths of intact rock, based on
a great number of intact rock tests. Those relations indicate
that characteristic impedance may comprehensively describe
the mechanical behaviour of intact rock. On one hand, since
intact rock and rock mass are different from each other to a
certain extent, it is still a question whether the characteris-
tic impedance of a rock mass is or not able to describe the
rock mass comprehensively. On the other hand, since the
characteristic impedance of a rock mass can be determined
in the field by non-destructive methods, such as geophysics
methods, seismic velocity measurements, and muography
(Zhang et al. 2020b; Holma et al. 2022), it may have poten-
tial applications in mining and rock engineering.

In accordance with the above description, this article
investigates how the characteristic impedance of rock mass
varies with the depth below the ground surface, how the
characteristic impedance of intact rock affects the proneness
of rock bursts in laboratory experiments, how the charac-
teristic impedance of rock mass influences the likelihood
of rock bursts in tunnels and mines, and whether the dril-
lability of rock can be predicted or not by the characteristic
impedance. In addition, this article discusses other potential
applications of characteristic impedance in rock and mining
engineering.

2 Characteristic Impedance

2.1 Shock Waves

In shock waves, characteristic impedance (Z) is defined as
(e.g., Cooper 1996; Zhang 2016)

Z=pD, ey

where p is the density of the material in which a shock
wave is propagating and D is the velocity of the shock wave.
Notice that D and p are variables rather than constants in
shock waves. According to one-dimensional shock wave
theory, when a shock wave with pressure (P) propagates in
a material with zero initial pressure (P, = 0), we have
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P = pDu, )

where u is particle velocity. Obviously, in shock waves,
the characteristic impedance of a material means the shock
pressure caused by per particle velocity in the material. In
other words, if a shock wave with a constant particle veloc-
ity propagates in two different materials, one having high
impedance and the other having low impedance, the shock
pressure in the former will be higher than that in the latter.

2.2 Elastic Waves

In elastic waves, characteristic impedance is often called
acoustic impedance which is a physical property of material.
It is defined as (e.g., Kolsky 1963; Zhang 2016)

Z = pc, 3

where c is the elastic wave velocity of the material. In the
field applications of mining and rock engineering, ¢ should
be the P-wave velocity or S-wave velocity of the local rock
mass. Elastic wave velocity is also called sonic velocity and
it may be either primary wave (P-wave in short) velocity or
shear wave (S-wave in short) velocity in the material. Note
that in elastic waves, c is constant. In one-dimensional elas-
tic wave problems (e.g., Kolsky 1963; Wang 2007; Zhang
2016), if the initial stress in the material is zero, the stress o
caused by the wave is equal to

o = pcv, 4)

where v is the particle velocity. In the case of P-waves, the
stress is either compressive or tensile normal stress, and the
wave velocity is P-wave velocity; in the case of S-waves,
the stress is shear stress, and the wave velocity is S-wave
velocity (Wang 2007). Note that a shear wave may be a tor-
sion wave in a bar or rod. According to Eq. (3), Eq. (4) can
be written as

o =2v. 4)

Equation (5) indicates that the characteristic impedance
of a material means the stress caused by per particle velocity
in the material (Zhang et al. 2020a). If the unit of density is
kg/m3 and that of wave velocity is m/s, the unit of the char-
acteristic impedance will be kg/m?s and it can be converted
to (N/m?)/(m/s), where N/m? is the unit of stress and m/s
is the unit of particle velocity. In this sense, if one mate-
rial has larger characteristic impedance, the stress caused
by per particle velocity in the material will be higher, and
vice versa. The unit of characteristic impedance can be also
converted to (J/m?)/(m/s), where J refers to joule and J/m?
is the unit of the energy per volume of material. In view of
this unit, the characteristic impedance of a material implies
the energy per volume of material caused by per particle

velocity. Correspondingly, if one material has larger char-
acteristic impedance, the energy per volume of material
induced by per particle velocity will be more, and vice versa.

2.3 Seismic Waves

In rock engineering and mining engineering, the material in
question may be either an intact rock or a rock mass. Such
a rock mass may contain various discontinuities and it may
be damaged or cracked. Its density might have varied due to
in-situ stresses, unloading, or other activities such as min-
ing operations, and its wave velocities measured are often
the velocities of seismic waves. Therefore, for engineering
applications, the characteristic impedance of a rock mass
refers to the product of the density and the seismic wave
velocity of the rock mass. Correspondingly, there are two
characteristic impedances for a rock mass. One corresponds
to P-wave and it is expressed by Zp, and the other to S-wave
represented by Zg. They are defined as

Zp=pVp (6a)

Zg = pVs, (6b)

where p is the density, V, is the P-wave velocity, and Vj is
the S-wave velocity of the rock mass.

3 Variation of Characteristic Impedance
of Rock Mass with Depth Below Ground
Surface

Since the characteristic impedance of rock mass is depend-
ent on the density and the seismic velocity of the rock mass
according to Egs. (6a, 6b), the effects of the depth below the
ground surface on the density and the seismic velocity are
described in the following.

3.1 Density of Rock Mass

Early study by Williamson and Adams (1923) found that
the density of the Earth increased with the depth below the
ground surface. Later measurements of density log data
from many Gulf Coast wells and wells in the Santa Barbara
Channel showed that the density of shale mass gradually
increased with an increasing depth in those areas (Eaton
1969), as shown in Fig. 1. It can be estimated from Fig. 1
that the density of the Santa Barbara Channel rock at 2000 m
depth is larger than that at zero depth (the ground surface) by
about 20%. Similarly, the density of the Gulf Coast rock at
2000 m depth is greater than that at zero depth (the ground
surface) by around 16%. Such increases in density have a
marked impact on the characteristic impedances of the shale
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masses. However, note that such increases in the density V, =2.5+2.93z — 0.822
do not always happen in all rock types. In other words, the
ys app P +0.1022° — 0.006* + 0.00022° (7d)

densities of some types of rocks do not noticeably increase
with increasing depth, for instance, the densities of both
metamorphic rocks from the Outokumpu deep drillhole and
the Kola superdeep borehole do not markedly increase with
increasing depth (Gorbatsevich et al. 2011; Gorbatsevich
2014). This will be discussed in Sect. 4.2.

3.2 Seismic Wave Velocity

Analysis by Williamson and Adams (1923) indicated that
P- and S-wave velocities of the Earth increased with increas-
ing depth below the ground surface. Later measurements
demonstrated that both wave velocities in different rock
masses increased with increasing depth (e.g., Brocher 2008).
Brocher (2008) obtained the following empirical equations
based on the measurements:

Vp =224+ 0.6z Tertiary sedimentary rocks at depth of 0—4 km
(7a)
Vp =275+ 0.47z Great Valley sequence at depth of 0.05—4 km
(7b)
Vp =2.5 + 1.967 — 0.427
+0.04z> — 0.002z* + 0.000033Z (7¢)

Franciscan complex at depth of 0.05-9 km
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Granitic rocks at depth of 0.05—4 km,

where Vp is in the unit of km/s and z is depth below the
ground surface in the unit of km. All equations in Egs. (7a,
7b, Tc, 7d) are shown in Fig. 2 where the datasets of meas-
urement are not presented. According to Egs. (7a, 7b, 7c,
7d), it can be found that for granitic rocks V, = 2500 m/s at
zero depth, and Vp = 5800 m/s at 2000 m depth. The latter
is 2.3 times greater than the former. For Great Valley rocks,
Vp = 2750 m/s at zero depth, and V, = 3690 m/s at 2000 m
depth. The latter is 1.4 times greater than the former. Evi-
dently, the higher P-wave velocities at 2000 m depth result
in larger characteristic impedances at 2000 m depth than the
ones at 0 m depth, even though it is assumed that the density
is kept as constant.

Analytical results indicated that S-wave velocity
increases with depth, too (Brocher 2008). Since the meas-
ured S-velocities were only from shallow depths (Brocher
2008), the equations based on S-wave measurements, sim-
ilar to Egs. (7a, 7b, 7c, 7d), are lacking for large depths
up to kilometers.

3.3 Variation of Porosity and Poisson Ratio
with Depth

In addition to density and sonic velocities, porosity and
Poisson’s ratio also vary with the depth below the ground
surface. For example, the porosities of sandstone, shale,
limestone, and dolomite decrease with increasing depth
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Fig.2 P-wave velocity vs depth
(based on Eq. (7a, 7b, 7c, 7d)
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according to summarized measurement data by Schon
(2015). Similarly, total porosities of sedimentary rocks
decrease with increasing depth according to laboratory
measurements of over 4000 samples of conventional cores
from the Los Angeles and Ventura basins of California,
other scattered localities in the United States, and the Po
basin of Italy (McCulloh 1967). Contrary to total porosity,
Poisson’s ratio increases with increasing depth according
to the measurements by Eaton (1969). The decrease in
porosities and increase in Poisson’s ratios of rocks with
increasing depth are reasonable, since overburden stress or
vertical stress of rocks increases with increasing depth, on
the basis of both theoretical analysis (e.g., Williamson and
Adams 1923) and measurements (e.g., Eaton 1969; Brown
and Hoek 1978). In particular, the decrease in porosity
with increasing depth can explain why density and seismic
wave velocities increase with increasing depth to a certain
extent.

Schon (2015), based on measured data from Dortman
(1976), presented a correlation between P-wave velocity Vp
and density p for magmatic and metamorphic rocks includ-
ing granite, gneiss (biotitic, amphibolitic), gneiss (garnet
biotitic), amphibole, gneiss (amphibolitic), granulite, diorite,
gabbro-norite, and ultrabasite. This relation is

800

1200 1600 2000 2400 2800 3200 3600 4000

Depth (m)

Vp =2.76p — 0.98, 8)

where the density is in 10° kg/m® and the velocity is in km/s.
This empirical relation indicates that the P-wave velocity
increases with increasing density of rock, and vice versa.

Note also for many rocks, both P- and S-wave velocity
increase with increasing confining pressure in the range of
0-50 MPa after which the increase in the P-wave veloc-
ity is very small and slow, according to test data (Schon
2015). However, such relations depend on the rock. For
instance, the P- and S-wave velocities of granite and sand-
stone increase rapidly with increasing pressure, but those of
shale increase slowly with increasing pressure (Schon 2015).

In brief, it can be concluded that the densities of the sedi-
mentary rock masses investigated significantly increase with
increasing depth, while the densities of the metamorphic
rocks measured do not markedly increase with increasing
depth. The P-wave velocities of various rock masses men-
tioned above increase with increasing depth up to several
kilometers. The S-wave velocity increases with increasing
depth, too, but the measured results for S-waves are limited
to a shallow depth.
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4 Relation Between Characteristic
Impedance and Strengths, Fracture
Toughness, Young’s Modulus,
and Poisson’s Ratio of Intact Rock

Based on a great number of experimental data on various
mechanical properties of intact rocks in the literature, six
empirical equations between the characteristic impedance
and mechanical properties of rock are established (Zhang
et al. 2020a). These equations can be divided into linear
relations and nonlinear ones, as follows.

4.1 Linear Relations Between Characteristic
Impedance and Strengths as Well as Poisson’s
Ratio

It has been found that uniaxial compressive strength o,
tensile strength o,, shear strength o, and Poisson’s ratio
v have linear relations with the characteristic impedance
of intact rock (Zhang et al. 2020a). These linear relations
based on the data regression analysis are shown in Fig. 3a
in which all dataset points are not shown but the R> and
the number of datasets for each relation is indicated. The
R? values varies in a range of 0.80-0.97. Notice that most
of the tested rocks show a linear relation between their
characteristic impedances and their Poisson’s ratios, but
the sandstone does not follow the linear relation (Zhang
et al. 2020a). Regarding this issue, a further investigation
with more measurement data is needed.

0.64

~ 0.56

~ 0.48

- 04

~ 0.32

Strengths (MPa)
Poisson's ratio

- 0.24

- 0.16

- 0.08

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Characteristic impedance (x 108 kg/(mzs))

Fig.3 Relations between characteristic impedance and six mechani-
cal properties of intact rock (based on the empirical equations in
Zhang et al. 2020a). a Uniaxial compressive strength, tensile strength,
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4.2 Nonlinear Relations Between Characteristic
Impedance and Fracture Toughness and Young's
Modulus

It has been found that mode I fracture toughness K;, and
Young’s modulus E have nonlinear relations with the char-
acteristic impedance of intact rock (Zhang et al. 2020a).
These nonlinear relations based on the data regression
analysis are shown in Fig. 3b in which all dataset points
are not shown but the R? and the number of datasets for
each relation are shown. Clearly, mode I fracture tough-
ness and Young’s modulus increase with increasing char-
acteristic impedance faster than the three strengths and
Poisson’s ratio of intact rock.

The results in Fig. 3 indicate that the characteristic
impedance can represent the main mechanical and material
properties such as three strengths, mode I fracture tough-
ness, Young’s modulus, and Poisson’s ratio of intact rock.
In other words, characteristic impedance can be consid-
ered as a comprehensive property of intact rock. In this
sense, characteristic impedance can be used to classify
intact rocks.

5 Relation Between Characteristic
Impedance and Intact-Rock Bursts

Rock burst is a spontaneous and violent rock failure that
can occur in underground mines, tunnels, and other under-
ground openings. To evaluate rock burst proneness, many
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shear strength, and Poisson’s ratio; b Young’s modulus and mode I
fracture toughness. N means the number of datasets. The data points
are not shown
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criteria have been proposed, as reviewed by Zhou et al.
(2018) and Gong et al. (2020). Among 20 criteria of rock
burst proneness reviewed by Gong et al. (2020), 12 criteria
are energy-related and the rest are stress- or strain-related.
For example, the method by Cook et al. (1966) uses energy
release rate, and the burst-potential index by Mitri et al.
(1999) employs strain energy storage rate.

Laboratory experiments using small intact rock speci-
mens are often employed to study rock bursts. Here, the
laboratory experiment results from 14 different rocks by
Gong et al. (2020) are used to investigate the relation
between characteristic impedance and rock bursts. In their
study, the uniaxial compressive test and Brazilian test of
each intact rock were carried out under static loading con-
ditions. Table 1 shows the measured average density and
P-wave velocity of each rock. Based on the measured den-
sity and P-wave velocity, the characteristic impedance of
each rock can be determined. In Table 1, the rocks having
strong burst phenomenon during laboratory experiments
are noted by “Yes” in the last column, while those without
strong burst phenomenon marked with “No”. The charac-
teristic impedance values of all 14 rocks are also shown
in both Fig. 4 and Table 1, indicating that among 6 rocks
having strong burst phenomenon, 5 rocks have a character-
istic impedance equal to or larger than 10.8 (10° kg/m?s).
This means that the intact-rock bursts are dependent on the
characteristic impedance of the rock to a great extent. In
other words, strong rock bursts happen mostly in the rocks
with large characteristic impedance.

6 Relation Between Characteristic
Impedance and Rock Bursts in Diversion
Tunnel

In the diversion tunnel excavated by drill and blast method,
with a length of 8500 m, a diameter of 8.4 m, and a over-
burden of 100-1690 m, of the Jiangbian hydropower station
in China, a total of 20 cross sections were selected to per-
form rock burst study (Zhang 2011). Among the 20 sections,
rock bursts happened in 14 sections, while rock burst did not
occur in 6 sections. From all sections, rock samples were
taken to determine their mechanical and physical proper-
ties in the laboratory. The results are shown in Table 2 that
includes the cross section number, rock type and weather-
ing condition, depth, uniaxial compression strength, Young’s
modulus, density, and P-wave velocity of each section. In
addition, Table 2 shows the characteristic impedance of each
section and indicates whether rock burst occurred or not.

Based on Table 2, the characteristic impedances and
depths of all sections are shown by bars and circles, respec-
tively, in Fig. 5, indicating that among 14 sections with an
impedance larger than 12.2 x 10° kg/m?s, 13 sections had
rock bursts, while among 6 sections with an impedance
lower than 12.2 x 10° kg/mzs, 5 sections did not have rock
bursts. This result indicates that 12.2 x 10° kg/m?s can be
taken as the threshold characteristic impedance of rock burst
in the tunnel, i.e., when the impedance is larger than this
threshold impedance, rock burst likely occurs.

Figure 5 shows that rock burst has a certain relation with
the depth. Among 6 sections having no rock burst, 4 sections
have a depth smaller than 400 m, while 2 sections have a
depth larger than 1000 m. Among 14 sections having rock
burst, 12 sections have a depth greater than 600 m, while

Table 1 Characteristic

. Rock Density (g/cm?) P-wave veloc- Characteristic imped-  Indication of strong
impedance of 14 rocks (based ity (m/s) ance (10° kg/mzs) burst in experiment
on Gong et al. 2020)

Limestone 2.69 6137 16.5 Yes

Fine granite 2.80 5419 15.2 Yes

Slate 2.75 4753 13.1 Yes

Marble 2.69 4272 11.5 No

Yueyang granite 2.60 4155 10.8 Yes

Qingshan granite 2.64 4082 10.8 Yes

Red granite 2.60 4122 10.7 No

White marble 2.70 3962 10.7 No

Yellow sandstone 2.57 3964 10.2 No

Black sandstone 2.59 3733 9.7 No

Yellow rust granite 2.58 3451 8.9 No

Yellow granite 2.58 3336 8.6 Yes

Green sandstone 241 3022 7.3 No

Red sandstone 243 2824 6.9 No
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only 2 sections have a depth smaller than 400 m. In brief,
most rock bursts happened in large depths, while only a few
occurred in small ones.

7 Relation Between Characteristic
Impedance and Rock Bursts in Mines

7.1 Rock Bursts Dependent on Mining Location,
Rock Mass, and Depth

During several-year mining production in Kiruna mine,
seismic events in three blocks were investigated (Nordstrom
et al. 2017). The result indicated that more than 1000 seis-
mic events per day were recorded in the whole mine during
that time. It was found that one block numbered Block 33/34
was burst-prone where largest and most events occurred,
but two other blocks were not burst-prone. In Malmberget
mine, some ore bodies were burst-prone but others not. Even
in a long and narrow ore body named Parta, one part was
burst-prone but the other not. In Zhazixi antimony mine,
strong rock bursts occurred often in massive stibnite but not
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in other rock masses (Ma et al. 2018). These three examples
indicate that rock bursts are dependent on the rock mass and
mining location.

It has been reported that with increasing mining depth,
both number and magnitude of rock bursts increase in many
mines (e.g., Brauner 1994; He and Qian 2010; Nordstrom
etal. 2017; Ma et al. 2018; Cai et al. 2020; Jiang et al. 2020).
In general, as mining operations reach a certain depth such
as several hundred meters, seismic events and rock bursts
start to occur. For example, in Kiruna mine when the mining
depth increased to 670 m below the ground surface substan-
tial problems with seismicity and rock bursts started (Dineva
and Boskovic 2017), and the seismic activity increased as
mining advanced deeper (Nordstrom et al. 2017). In Malm-
berget mine, the first rock burst happened at an iron orebody
at the depth 615 m (Stalnacke 2022). In Zhazixi antimony
mine, rock burst first appeared when mining depth reached
560 m below the ground surface. When mining to 605 m
depth, more and stronger rock bursts occurred (Ma et al.
2018). These examples indicate that when the mining activ-
ity reached a certain depth, rock bursts may happen.
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Table 2 Mechanical and physical properties of rocks at 20 cross sections of the diversion tunnel of the Jiangbian hydropower station (based on

the data of Zhang 2011)
Cross Rock Weathering Depth (m) UCS (MPa) Young’s Density (kg/m®) P-wave Rock burst Impedance
section modulus velocity (10° kg/
number GPa (m/s) m’s)
13 Biotite quartz Nearly intact 1374 84 16.7 2700 4110 No 11.1
schist and lightly
weathered
2 Biotite granite  Intact, lightly or 275 106 19.4 2640 4262 No 11.3
not weathered
12 Biotite quartz Nearly intact 1184 89 16.9 2700 4227 No 11.4
schist and lightly
weathered
11 Biotite quartz Nearly intact 1205 107 20.7 2700 4303 Yes 11.6
schist and lightly
weathered
3 Biotite granite  Intact, lightly or 187 118 20.7 2640 4493 No 11.9
not weathered
1 Biotite granite  Intact, lightly or 174 114 227 2640 4530 No 12.0
not weathered
8 Biotite granite  Intact, lightly or 693 135 24.5 2640 4640 Yes 12.2
not weathered
10 Biotite quartz Nearly intact 1107 114 23.8 2700 4524 Yes 12.2
schist and lightly
weathered
17 Biotite quartz Nearly intact 920 124 24.1 2700 4524 Yes 12.2
schist and lightly
weathered
14 Biotite quartz Nearly intact 1690 117 19.3 2700 4631 Yes 12.5
schist and lightly
weathered
15 Biotite quartz Nearly intact 1606 128 23.7 2700 4666 Yes 12.6
schist and lightly
weathered
5 Biotite granite  Intact, lightly or 215 139 25.3 2640 4818 No 12.7
not weathered
19 Biotite quartz Nearly intact 773 122 249 2700 4769 Yes 12.9
schist and lightly
weathered
4 Biotite granite  Intact, lightly or 267 148 24.9 2640 4922 Yes 13.0
not weathered
6 Biotite granite  Intact, lightly or 272 141 27.4 2640 4922 Yes 13.0
not weathered
20 Biotite quartz Nearly intact 644 164 28.5 2700 4870 Yes 13.1
schist and lightly
weathered
16 Biotite quartz Nearly intact 1220 140 28.3 2700 4936 Yes 133
schist and lightly
weathered
9 Biotite granite  Intact, lightly or 970 161 30.9 2640 5090 Yes 13.4
not weathered
7 Biotite granite  Intact, lightly or 645 152 26.3 2640 5090 Yes 13.4
not weathered
18 Biotite quartz Nearly intact 785 186 31.5 2700 5130 Yes 13.9

schist

and lightly
weathered
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Fig.5 Characteristic imped-
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Based on the above description, the depth in which the
first rock burst occurs can be defined as the threshold depth
of rock bursts, and the characteristic impedance either
Zp or Zg at this depth is defined as critical characteristic
impedance either Z_, or Z_g. Rock bursts occurred in three
mines—Kiruna, Malmberget and Zhazixi—demonstrate that
this threshold depth exists. The threshold depths of three
mines are listed in Table 3. The determination of the critical
characteristic impedance Z_, in Table 3 will be described in
the next section.

7.2 Rock Bursts Related to Characteristic
Impedance

(1) Zhazixi Antimony Mine

As mentioned earlier, strong rock bursts occurred often
in massive stibnite but not in other rock masses in Zhazixi
antimony mine. Based on the measured Young’s modulus,
density and Poisson ratio of each rock/ore from the mine

No13 2 1211 3 1 8 101714155 19 4 6 20 16 9 7 18

(Ma et al. 2018), the P-wave velocity, and characteristic
impedance of each rock/ore mass can be calculated and
the results are shown in Table 4. Obviously, the massive
stibnite has the largest characteristic impedance up to 15.9
(10° kg/m?s), compared with other rock masses in the mine
(Ma et al. 2018).

(2) Sanhejian Coal Mine

The Sanhejian coal mine in Xuzhou, China is a rock
burst-prone mine (He et al. 2017). A rock burst which
occurred in an area with a high P-wave velocity up to
5.5-6.0 km/s on January 30, 2015. According to He et al.
(2017), most other mining areas had P-wave velocities
equal to or lower than 5.5 km/s, implying that the char-
acteristic impedance of that area might be larger than the
characteristic impedances of other areas.

(3) Malmberget Mine and Kiruna Mine

The density and P-wave velocity of iron ore mass in
Malmberget mine are about 4800 kg/m? and 5100 m/s,
respectively (Zhang 2014). The density of the iron ore mass

Table 3 Threshold depth and

. oo Mine Rock/ore mass Critical Critical characteristic References
critical characteristic 1mpeldance depth (m)  impedance Zp (10° kg/m’)
of rock burst from three mines
Kiruna Iron ore 670 24.5 Dineva and Boskovic (2017)
Malmberget Iron ore 615 24.0 Stalnacke (2022)
Zhazixi Antimony ore 560 15.9 Ma et al. (2018)
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Table 4 Characteristic

. . . Lithology Density (kg/m®) P-wave velocity Impedance Zp Occurrence of

impedances of rocks in Zhazixi (m/s) (10° kg/m?s) strong rock-

antimony mine (the P-wave burst

velocity was calculated using

the measured Young’s modulus, Slate 2810 2666 75 No

density and Poisson ratio in Ma

etal. (2018)) Quartz sandstone 2750 3091 8.5 No
Tuffaceous slate 2900 3535 10.3 No
Tuffaceous sandstone 2700 4036 10.9 No
Disseminated stibnite 3120 4072 12.7 No
Massive stibnite 3840 4132 15.9 Yes

in Kiruna mine is 4700 kg/m*® (Malmgren and Nordlund
2006) and the P-wave velocity of the ore mass is close to
that of the ore mass in Malmberget mine, i.e., 5100 m/s.
Furthermore, it is assumed that those densities and P-wave
velocities are close to the corresponding values of the first
or earliest rock bursts in the two mines. Then, it can be
obtained that the characteristic impedance Z, = 24.0(10° kg/
m?s) for the Kiruna ore mass, and Zp = 24.5(10° kg/mzs) for
the Malmberget ore mass when the first rock burst happened.
As mentioned in Sect. 7.1, in both Kiruna and Malmberget
mine, seismic events and rock bursts increase with increas-
ing mining depth. For example, the largest seismic event
in Kiruna mine occurred on May 18, 2020 reached up to
4.9 Richter’s scale (Zhang et al. 2021). This seismic event
and corresponding rock burst had made mining production
stopped for months in part of the mine.

In summary, the above description indicates that rock
bursts are dependent on the depth below the ground surface
and the rock (ore) mass. Since the depth and rock (ore) mass
are both related to the characteristic impedance of rock, it
can be inferred that rock bursts are related with the charac-
teristic impedance of rock mass.

7.3 Critical CharacteristicImpedances
in Underground Mines

7.3.1 Zhazixi Antimony Mine

As mentioned in Sect. 7.2, strong rockbursts happened often
in massive stibnite but not in other rock masses in Zhazixi
antimony mine (Ma et al. 2018). As shown in Table 4, the
characteristic impedance Z, of the massive stibnite is 15.9
(10% kg/m?s), while the characteristic impedances of the
other rock masses in the mine are smaller than 15.9 (10° kg/
m?s). Thus, it is assumed that Z.p= 15.9(10° kg/mzs).
Accordingly, it can be inferred that if Z, > 15.9(10° kg/m?s)
in a place in the Zhazixi mine, the place will be burst-prone.

7.3.2 Sanhejian Coal Mine

In the Sanhejian coal mine, the first rockburst happened in
1991, but the detailed data of the first burst were not reported
(He et al. 2017). However, the rockburst which occurred on
January 31, 2015 was described in detail by He et al. This
rockburst occurred in the coal with a high P-wave velocity
up to 5.5-6.0 km/s and a density of 1350 kg/m>. Using the
lower bound of the P-wave velocity (i.e., 5.5 km/s) and the
density of the coal, it can be determined that the charac-
teristic impedance Zp of the coal is equal to 7.4 (10° kg/
m?s). Since the data of the characteristic impedance of the
first rockburst are not available, it is assumed that Z_, = 7.4
(10° kg/m?s) for the Sanheijian mine.

7.3.3 Kiruna and Malmberget Mine

Based on the description in Sect. 7.2, it can be determined
that the critical characteristic impedance Z,, = 24.0(10° kg/
m?s) for the Kiruna ore mass, and Zp= 24.5(10° kg/m?s)
for the Malmberget ore mass.

In summary, the critical characteristic impedance of
rockburst is different from one mine to another. Figure 6
shows the critical characteristic impedances of four mines
mentioned above. As a comparison, the critical characteris-
tic impedances of the diversion tunnel discussed in Sect. 6
and the laboratory rock specimens from Gong et al. (2020)
are shown in Fig. 6, too. Clearly, the critical characteristic
impedances of the two iron mines are the highest, the critical
characteristic impedance of the coal mine is the minimum,
and the critical characteristic impedances of the antimony
mine, the laboratory specimens, and the tunnel rock are in
the between.

7.4 P-Wave Velocity and Seismic Events

Previous studies indicated that the zones with high P-wave
velocity were correlated with large seismic events (Lurka
2008; Banka and Jaworski 2010; Dou et al. 2012, 2014; Cai
et al. 2015). In addition, Cai et al. (2015) showed that the
maximum P-wave velocity of the coal seam being mined,
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Fig.6 Critical characteristic
impedances Z_p of four mines,
one tunnel, and laboratory
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where most seismic events happened, was up to over
5000 m/s, but the P-wave velocities of other coal seams were
mostly below 3000 m/s, implying that the P-wave veloc-
ity became higher in the coal mass when seismic events
occurred.

7.5 Varying P-Wave Velocity of Rock
7.5.1 Laboratory Measurement Result

Laboratory experiments of different rock samples show that
seismic velocity increases as applied stress rises (Scott et al.
1994; Khaksar et al. 1999; He et al. 2018).

During cyclic loading to coal and sandstone samples, Jia
et al. (2019) recorded P-wave velocity throughout the test
and found that P-wave velocity varied in the whole cyclic
loading process, consisting of three phases: (I) compaction;
(IT) crack initiation; (III) strain acceleration. They observed
that in the compaction phase (I), the deformation was mostly
elastic with few new crack formations, and the stress enabled
the pre-existing cracks to close, making the sample volume
to shrink and the P-wave velocity increased by about 9%

@ Springer

for coal and 6% for sandstone samples, compared with the
initial value (before compression). In the crack initiation
phase (II), at around 30% of peak stress, the wave velocity
reached its maximum value, and then fluctuated around this
value until about 50% of its strength. Then, from the middle
of phase (II), wave velocity decreased slowly because of
the micro-crack formation. Finally, at the beginning of the
phase (IIT), an abrupt decrease occurred of wave velocity of
~7-9% coinciding with accelerated deformation and surface
macro-crack formation.

Lin and Wang (1980) determined the P-wave velocities
of six rocks under different confining pressures and at vari-
ous temperatures in laboratory. Their experimental results
are summarized in Fig. 7. Based on the results, the follow-
ing conclusions can be drawn: (1) the P-wave velocities of
all six rocks increase with increasing confining pressure in
the range of 0—700 MPa and at 20 oC temperature. (2) In
the pressure range of 0-200 MPa and at 20 oC tempera-
ture, the P-wave velocities of all rocks increase rapidly
with increasing pressure presumably due to crack closure,
and after 200 MPa pressure, the P-wave velocities increase
slowly with increasing pressure. (3) In the pressure range of
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0-100 MPa and at 20 °C temperature, the P-wave velocities
of most rocks increase with increasing pressure at maxi-
mum speed. Note that this pressure range covers the in-
situ stresses of most present underground mines and other
deep constructions. (4) The effect of confining pressure on
P-wave velocity depends on rock type. For instance, with
an increasing confining pressure and at 20 °C temperature,
quartz monzonite and highly metamorphosed graywacke
have maximum increase in their P-wave velocities, olivine
gabbro has minimum increase in its P-wave velocity, and
unmetamorphosed graywacke, balsal, and hornblende gab-
bro have an increase in the between. (5) At a specific high
temperature, the P-wave velocity of each rock (only the
result of unmetamorphosed graywacke is shown in Fig. 6)
increases linearly with increasing confining pressure. (6)
At a specific pressure, the P-wave velocity of each rock is
greater at lower temperature than at higher temperature.

7.5.2 Field Result

Field scale analysis demonstrates that areas with higher
velocity generally correspond to higher stress concentra-
tions (Kerr 2011; Westman 1993). Hosseini et al. (2012,
2013), using passive seismic velocity tomography to reveal
the stress state around a longwall mining panel, found that
high-velocity regions matched regions under high-abutment
stress and that the stressed zones moved as the working face
was advanced. However, there are different findings from
other mines. For instance, using passive seismic tomogra-
phy, Afrouz et al. (2021) analysed three seismic events in a
mine and found that the P-wave velocity did not increase in

300 400 500 600 700
Pressure (MPa)

the vicinity of the hypocenter for any of the three events. For
two of the events, the velocity deceased in the week prior
to the event (by 2.1% and 0.8%), and for the third event,
the velocity was essentially unchanged from the week prior.
Afrouz et al. (2021) explained that a potential reason was
that new fractures might be developing within the highly
stressed rock mass, resulting in either no increased veloc-
ity or a reduction in velocity at the hypocenter prior to the
seismic event. In addition, they reported that the three seis-
mic events might be due to the different failure mechanisms,
since Events 1 and 3 occurred suddenly followed by several
minor events, while Event 2 triggered fewer subsequent
minor events but was followed by a major event 17 days
later. Therefore, it is necessary to investigate the relation
between the seismic wave velocity and significant seismic
events further at more mines, since such a relation is helpful
for predicting seismic events. For example, based on the var-
iation of P-wave velocity and other factors such as released
energy ratio and shear component of the moment tensor,
Feng et al. (2017) introduced a warning method for rockburst
monitoring systems in mines to first characterize the type of
failure and then estimate the probability of failure.

8 Relation Between Characteristic
Impedance and Rock Drillability

Rock drillability is often determined with a sophisticated
instrumentation in laboratory. Many studies have indicated
that rock drillability has a certain relation with some of
rock properties such as uniaxial compressive strength,
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P-wave velocity, density, porosity, Brazilian tensile
strength, point load strength, and Schmidt hardness of rock
(e.g., Howarth et al. 1986; Kahraman et al. 2003; Taheri
et al. 2016; Bilim and Karakaya 2021).

The above description indicates that it is possible to
predict the drillability of a rock using its physical and
mechanical properties. Unfortunately, most mechanical
properties of rock can be determined only in laboratory
using small rock samples. Accordingly, these mechanical
properties cannot be used directly to evaluate rock mass
containing geological structures such as faults and joints.

A preliminary investigation (Zhang and Hou 2022)
found that the characteristic impedance Z of rock mass has
a good relation with the net penetration rate P, of rotary
drilling, based on the field measurements in several rock
formations by Kahraman et al. (2000). This relation is
shown in Fig. 8 and in Eq. (9)

P. = aexp(bZP) s )

where a and b are constants from the regression analysis.
Figure 8 indicates that a =209, and b=— 0.2, based on the
data of Kahraman et al. (2000). Obviously, the characteris-
tic impedance Zp is well related to the net penetration rate
according to the field drilling results.

9 Applications of Characteristic Impedance
9.1 Current Applications

When an elastic wave propagates from one material to
another, the ratio of characteristic impedances of the two
materials will decide how much of the wave is reflected (or
transmitted) and whether the reflected wave is tensile wave
or compressive wave, according to elastic stress wave theory
(e.g., Kolsky 1963; Wang 2007; Zhang 2016). This principle
is often used in the study of percussive rock drilling and the
development of drill tool, since drill rod/pipe, impact ham-
mer, drill bit, and the rock beneath the bit are all loaded by
stress waves during drilling. Moreover, this principle was
applied to develop a method for reducing the ground vibra-
tions caused by rock blasting (Zhang and Naarttijarvi 2005;
Zhang 2012, 2016). In the method, a new fractured zone was
created by blasting itself between the ore mass and the rock
mass by making full use of the different impedances of the
three materials (original ore mass, original waste rock mass,
and the fractured ore mass by blasting). Using the method,
the vibrations in the Malmberget mine were largely reduced
(Zhang 2012, 2016).

For a specific mine or a rock project, the explosive to
be used should match the rock mass to be blasted in rock
blasting (Nicholls and Duvall 1963), and it is better that the

P, = 209exp(-0.2Z,)
R2 = 0.87
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detonation velocity of the explosive is equal to or greater
than the P-wave velocity of the rock (Zhang 2016). Other-
wise, if the detonation velocity is smaller than the P-wave
velocity, the P-wave will arrive to the undetonated explo-
sive charge earlier than the detonation wave, resulting in
that the P-wave will press the explosive and possibly cause
dead pressing to it, i.e., the pressed explosive will not be
fired. Such dead pressing did happen (Farnfield and Wil-
liams 2011; Mencacci and Farnfield 2003). When this dead
pressing happens, the explosive as well as the detonators
in it will fail. In addition, the characteristic impedances of
both the explosive and the rock play an important role in
blasting, since they influence the propagation of the deto-
nation wave from the blast hole to the rock. Furthermore,
when the detonation wave travels from detonated explosive
to the stemming, the ratio of the impedance of the detona-
tion product (high-pressure and high-temperature gases) to
the impedance of the stemming effects the propagation of
shock and stress waves and the ejection of gas and stemming
material (Zhang 2016). Note that in some mines or sites, the
P-wave velocity of a rock mass may be higher than the maxi-
mum detonation velocity of current commercial explosives
such as emulsion and ANFO. In such a case, it is difficult
to achieve a satisfied match between the explosive and the
rock mass, but it is better to increase the detonation veloc-
ity as much as possible, so that the difference between the
detonation velocity and the P-wave velocity can be reduced
to a minimum value.

Characteristic impedance has other applications. For
example, it was employed as a rock property to determine
the crushed zone surrounding the blasthole (Kou and Rustan
1993); it was used to study the energy transferred to the
rock (Cai et al. 2010; Nicholls 1962). In blasting experi-
ments using cement-mortar and granite, Bhandari (1979)
found that the granite which had higher impedance produced
greater amount of fine fragments, and in all the tests, larger
amount of new surfaces were created. In a field investigation
Cai et al. (2010) found that greater elastic wave energy was
produced when the ratio of the impedance of explosive to
that of the rock varied from 1.8 to 2.0; however, this energy
decreased when the impedance ratio was too high. Early
impedance-coupling tests by Nicholls (1962) indicated that
the maximum seismic amplitude or energy was generated
in a rock by the detonation of explosive as the charge diam-
eter equalled the drill hole diameter and as the characteristic
impedance of the explosive equalled that of the rock. This
finding is reasonable, since there was no wave reflection
when both impedances were equal.

Characteristic impedance can be used in exploration of
natural resources. In geophysics seismic traces are converted
into pseudoreflection-coefficient time series and then into
characteristic impedance by the inversion of the time series.
Such pseudologs were roughly equivalent to logs recorded

in wells drilled at every seismic trace location and they pro-
duced important information concerning the nature of the
rock and variations in lithology (Becquey et al. 1979). Such
information can be used to estimate mineral or other natural
resources such as hydrocarbon reserves.

9.2 Potential Applications

9.2.1 Possibility of Rock Mass Evaluation Using
Characteristic Impedance

Characteristic impedance was suggested to evaluate the
quality of a rock mass and classify it, because the impedance
could well represent the actual state of the rock mass such as
geo-structures like joints, faults, and bedding as well as min-
eral components (Zhang 2016). Suppose that there are two
different rock masses, one is similar to an aluminium with a
P-wave velocity of over 6000 m/s and the other similar to a
steel with a P-wave velocity of over 5500 m/s. If only P-wave
velocity is used to evaluate these two masses, it can be found
they are similar, i.e., there is a small discrepancy between
them. However, if their densities are considered together
with their P-wave velocities and it can be found that their
impedances are much different from each other since the
density of common aluminium is about 2700 kg/m®, while
that of ordinary steel around 7800 kg/m?. In other words, the
impedance of the steel is about 2.6 times of the impedance
of the aluminium. This large difference in their impedances
can explain why the steel is stronger than the aluminium
in common sense, even though their P-wave velocities are
quite close to each other. This example indicates that only
P-wave velocity is not enough to evaluate and classify rock
masses, but characteristic impedance may be taken as a com-
prehensive index to evaluate and classify rock masses. Take
the three ore masses in Fig. 6 as example, we can see that
the iron ore has the maximum impedance, the coal does the
minimum impedance, and the stibnite has the impedance in
the between. This is consistent with our common sense: iron
ore is the strongest, coal is the weakest, and stibnite in the
between. In brief, it is possible to use impedance to evaluate
and classify rock masses.

9.2.2 Possibility of Evaluating Rock Burst Proneness Using
Characteristic Impedance

According to the definition of rock burst given by Gibowicz
and Kijko (1994), as mentioned in Sect. 1, rock burst must
satisfy a prerequisite that a rock mass has at least one free
surface nearby (or an open fracture inside the rock mass) or
the rock mass is under one- or two-dimensional loading con-
ditions. If this prerequisite is met and the following inequa-
tion is satisfied, it is possible that a rock burst may happen:
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Z \%4
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where P, is the proneness of rock burst, Z, = pV, is the
characteristic impedance of the rock mass at a specific loca-
tion in question, and Z_, = p_.V,p is the characteristic imped-
ance of the rock mass at the place where the earliest rock
burst occurred in the same rock mass in the same mine or
same underground openings. Here, only the characteristic
impedance corresponding to the P-wave of the rock is used
to judge the proneness of rock burst. If the impedance cor-
responding the S-wave is available, one more inequation like
Eq. (10) can be used together with Eq. (10) to judge the
proneness of rock burst. Notice that if a rock mass does not
have any free surface nearby (or inside) or the rock mass is
under three-dimensional loading condition, rock burst may
not happen, even though P, > 1.

The advantages of evaluating rock burst proneness using
characteristic impedance are: (1) non-destructive method
can be used to determine the density and seismic wave
velocity of rock mass, i.e., there is no need to take out rock
samples from the field to do laboratory experiments; (2) the
true characteristic impedance of rock mass can be deter-
mined in the field by seismic monitoring system and some
geophysics methods; (3) the field monitoring or measure-
ment of the characteristic impedance of rock mass can be
performed online (e.g., via a seismic system and muon tel-
escope or a geophysics system) and included in the whole
online production system of a mine or a project. Considering
that rock burst is dependent on multiple factors such as rock
properties, stress, and deformation at concerned locations,
the evaluation method of rock burst proneness using only
characteristic impedance needs validation by more rock
burst data. If necessary, Eq. 10 may be modified by consid-
ering other factors excluding the characteristic impedance.

Since rock bursts are generally associated with or trig-
gered by seismic events (Simser 2019), it is interesting to
investigate the relation between the proneness of seismic
events and the characteristic impedance of rock mass in the
future.

9.2.3 3D Model of Characteristic Inpedance Distribution

As described previously, rock bursts depend on the depth,
location, and rock mass including its geostructure. For exam-
ple, in Kiruna and Zhazixi mines, strong rock bursts hap-
pen manly in one block or one type of rock mass but not
all mining areas. Thus, a 3D model for the distribution of
characteristic impedances can be established for a mine. This
3D model can be used (1) to find the regions with high rock
burst proneness, so that necessary measures such as distress-
ing method can be taken in the earliest stage to reduce or
mitigate rock bursts, (2) to select most suitable explosive
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based on the characteristic impedance of the rock mass to
be blasted, (3) to make proper rock support design, e.g.,
according to the rock burst proneness of the rock mass, and
(4) to predict rock drillability which is to be described in the
next subsection.

9.2.4 Prediction of Rock Drillability

Description in Sect. 8 shows that the characteristic imped-
ance of rock mass is well related with the net penetration
rate of rotary drilling, indicating that the penetration rate of
rotary drilling can be predicted by the characteristic imped-
ance of the rock mass. Since characteristic impedance can
be determined by non-destructive methods even in the field,
the prediction of drillability of rock mass using the imped-
ance may be done more easily than other current methods
for predicting drillability. However, this prediction method
using Eq. (9) needs validation by more laboratory experi-
ments and field measurements.

10 Discussion
10.1 Determination of Characteristic Impedance

To evaluate rock burst proneness in a mine or a rock mass,
it is better to determine the characteristic impedance of the
rock mass via field measurements. Presently, the P- and
S-wave velocities in a mine or a large rock construction
project can be measured using a seismic monitoring sys-
tem that is widely installed in large underground mines.
In small mines with no seismic monitoring system, other
methods such as vibration monitors may be used to measure
the wave velocities in principle. The density of rock mass
can be measured by geophysics methods as used by Eaton
(1969) and Brocher (2008). However, such methods are
costly expensive and therefore limited for mine applications.
Optimistically, a potential non-destructive method named
muography may be used to determine the density of a rock
mass in the field where muon telescopes or monitors can
be installed permanently or flexibly (Zhang et al. 2020b;
Holma et al. 2022). Since a muon telescope or monitor can
be placed in a tunnel, an underground room and even a bore-
hole, an online measurement can be realized. In addition,
it is possible to estimate characteristic impedance of rocks
using soft computing models (Aladejare et al. 2022).

In general, the deformation and failure of rock specimens
in laboratory experiments are different from the deformation
and failure of the rock mass from which the specimens are
taken out, since the rock specimens used in laboratory do
not have any in-situ stresses at all after the specimens are
taken out from the field, as mentioned earlier. Therefore, the
results from laboratory experiments on rock burst cannot
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be directly applied to an engineering project dealing with
rock bursts.

From the Outokumpu deep drillhole down to 2516 m,
the P-wave and S-wave velocities of the rocks determined
from their mineral compositions do not markedly vary with
increasing depth, but both velocities measured from the core
samples taken from the drillhole generally decrease with
increasing depth (Gorbatsevich et al. 2011). From another
deep hole named Kola superdeep borehole (SG-3) down
to a depth of ~25 km, the measurement to the core sam-
ples taken from the hole down to 12,000 m indicates that
both density and seismic velocities of rocks decrease with
increasing depth when the depth is over 5 km (Gorbatsevich
2014). Such decrease in the density and the wave velocities
is considered to be caused by the samples decompaction
during their extraction from a great depth and lithostatic
pressures and temperature release (Gorbatsevich et al. 2011;
Gorbatsevich 2014). The above description shows that (1)
the core samples measurement in laboratory can deliver false
results if the cores are taken from deep holes where in-situ
stresses as well as temperature are high, and (2) it is better to
determine the characteristic impedance using the data of the
density and seismic wave velocities from field measurement.

Since measured wave velocity and density may vary
significantly, especially in the field, it is better to measure
them multi-times, so that an average value can be obtained
to determine the characteristic impedance. In addition, it is
better to determine two characteristic impedances Z, from
the P-wave velocity and Zg from the S-wave velocity.

10.2 Variation of Characteristic Impedance
with Depth

In some cases or some formations of rocks such as some
metamorphic and igneous rocks, neither seismic velocities
nor densities of such rocks may consistently increase with
increasing depth. For example, in the Outokumpu drillhole
which is mentioned above and located in a formation of
Palaeoproterozoic metasediments (mica gneiss/schist), the
P- and S-wave velocities determined by the mineral com-
ponents slightly vary with the depth, and both velocities at
the depth of 1600-2229 m are somewhat higher than the
ones above 1600 m (Gorbatsevich et al. 2011). In the Kola
superdeep borehole down to a depth of ~25 km (Gorbatse-
vich 2014), both P- and S-wave velocities of the rocks in
the depth of 0-12 km are 5.8—6.6 km/s and 3.1-3.9 km/s,
respectively, i.e., both velocities do not vary very much with
depth. The real velocity values may be influenced by sev-
eral reasons such as the temperature, the pressure (in-situ
stresses), and the mineral compositions of rocks as well as
the crystalline restructuring of rocks owing to long-term
metamorphic transformations of some minerals into oth-
ers, according to Gorbatsevich (2014). In brief, the general

tendency of increase in the density and seismic velocities of
rock mass with increasing depth, as shown in Figs. 1 and 2,
may not exist in all formations of rocks.

10.3 Variation of Characteristic Impedance Due
to Damaging or Cracking

As described in Sect. 7.5.1, seismic wave velocity of labora-
tory rock specimens increases with increasing applied stress.
This result is consistent with the field monitoring result in
Sect. 7.5.2 showing that areas with higher seismic wave
velocity generally correspond to higher stress concentra-
tions. Assuming that the density of a rock mass is considered
to be constant before the applied stress is increased up to a
critical value at which micro-cracks start to be formed, the
increasing stress will result in higher characteristic imped-
ance of the rock mass. Consequently, an increasing char-
acteristic impedance means that the rock mass has higher
proneness of rock burst according to Eq. (10) if there is one
or more free surfaces in the rock mass. It is interesting to
investigate whether the increase of characteristic impedance
of a rock mass can be controlled or not by changing mining
planning or mining operations in the future.

The description in Sect. 7.5.1 also indicates that seismic
wave velocity decreases when micro-cracks are formed, and
then, an abrupt decrease in the wave velocity occurs when
the deformation of the rock is accelerated and the surface
macro-crack is formed. In this process, the characteristic
impedance of the rock must decrease noticeably, since the
density of the rock may decrease as well due to the pro-
duction of both micro-cracks and macro-crack. Therefore,
a decreasing characteristic impedance of a rock means that
the rock has been fractured. In this sense, variation of char-
acteristic impedance may be used to judge whether or not a
rock is damaged and how much the damage is.

10.4 Prediction of Rock Burst Proneness
and Drillability

Sections 9.2.2 and 9.2.4 indicate that it is possible to predict
rock burst proneness and drillability using its characteristic
impedance. In practice, it is simple to measure the seismic
or sonic velocity of rock mass. Relatively, it is difficult to
measure the onsite density of rock mass. To determine the
characteristic impedance of rock mass, new technology like
muography is potentially helpful, since it can be used to
determine onsite density. If it is not possible to measure the
onsite density of rock mass, another option is to use the
density measured from small rock samples in laboratory
to represent the onsite density of rock mass, but this may
cause a certain error. Therefore, in the future, it is neces-
sary to conduct as many measurements as possible of the
densities of rock or rock mass so as to validate the method
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for predicting rock burst proneness or drillability using the
characteristic impedance of rock mass. In addition, it is good
to compare the characteristic impedance method with the
sonic velocity method for evaluating and classifying rock
mass in the future.

11 Concluding Remarks

For an intact rock, its characteristic impedance can be con-
sidered as a comprehensive physical property, since the
impedance is well correlated with the uniaxial compressive
strength, tensile strength, shear strength, fracture toughness,
Young modulus, and Poisson’s ratio.

The bursts of intact rocks in laboratory are dependent on
their characteristics impedances to a great extent, i.e., strong
rock bursts happen mostly in the rocks with high character-
istic impedance.

For many rock masses mentioned in this article, their den-
sities and seismic velocities (or characteristic impedances)
below the ground surface markedly increase with increasing
depth, but the general tendency of increase in the densities
and seismic velocities with increasing depth, may not exist
in all formations of rocks. More studies on this topic are
needed.

Rock bursts occurred in a tunnel and the mines men-
tioned in this article have close relation with the character-
istic impedance of the rock mass, and the rock bursts hap-
pen mostly in the rock masses having high characteristic
impedance.

A threshold depth at which the first rock burst occurs
exists according to the rock burst data of some mines, and
the characteristic impedance at such a depth is defined as
critical characteristic impedance.

Laboratory experiments on different rock samples show
that seismic velocity increases as applied stress rises, and
field monitored results from coal mines indicate that in the
areas where rock bursts happened, the seismic velocity was
increased markedly before (or during) the bursts.

In rotary drilling, the drillability of rock depends on the
characteristic impedance of the rock and the rock with larger
impedance has lower drillability or lower penetration rate.

It is possible to evaluate and classify rock mass by char-
acteristic impedance, but this needs validation, especially
via field measurements, observations, and other methods.
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