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Abstract 

Various forms of rock failure usually happen within a very wide range of loading rates covering static 
and dynamic (stress wave) loading. Since rock failure always results from fracture—the propagation of 
one or more cracks—a study of loading rate effects on rock fracture is therefore important for studying 
various rock failure problems. Based on this background, the thesis has taken the effects of loading 
rates on rock fracture as the first part of its research. This part of the research is particularly focused on 
laboratory studies of dynamic rock fracture. The research mainly consisted of (1) measuring dynamic 

rock fracture toughness, (2) studying the influences of loading rates (£=10" 2 -10 6 MPa m'A s1) on rock 
fracture toughness, (3) examining meso/micro fracture characteristics of rock under static and dynamic 
loading conditions, (4) investigating energy partitioning in the process of rock fracture under static and 
dynamic loading, and (5) exploring the influences of high temperatures on dynamic rock fracture. 

In the second part of the thesis, the research has dealt with in-situ measurements of the cutter forces 
and cutter temperatures of a boring machine with a diameter of 1.75 m. In order to solve the force-
coupling problem, a three-direction loading system was employed in laboratory calibration tests, and 
the relevant mathematical treatment was performed. After the in-situ measurements, a number of core 
rock samples were taken from the borehole bottom and borehole wall. Then the samples were cut and 
polished. After that, with a scanning electron microscope (SEM) the samples were used to examine the 
cracks that had been induced by mechanical boring and still remained in the samples. Finally, the 
length of the major cracks, such as the medium cracks and side cracks, in the samples was measured, 
and an approximate relationship between the lengths of the medium cracks and the respective normal 
(indentation) forces measured in-situ was established. 

The major results for the two parts can be summarised as the follows. (1) The fracture toughness of 
Fangshan gabbro and Fangshan marble, either at room temperature or in the heating state during the 
fracture test or pre-heat-treatment, is greater in the condition of dynamic loading than in static loading, 
and in dynamic loading the fracture toughness increases with increasing loading rates. This means that 
rock has a stronger resistance to impact loads than to static ones. In addition, under dynamic loading, 
the degree of temperature, high or low, influences the value of the fracture toughness of both the 
gabbro and the marble to a limited extent. (2) Crack bifurcation or branching is a common phenomenon 
in dynamic rock fracture, and it increases with increasing loading rates. The fractal dimensions of the 
static fracture surfaces of gabbro were approximately constant. However, the fractal dimensions of the 
dynamic fracture surfaces increased with the loading rates. (3) The energy absorbed by a specimen in 
static fracture is much less than that in dynamic fracture, and the energy utilisation ratio decreases with 
an increasing loading rate or impact speed. (4) The methods of measuring the cutter forces and cutter 
temperatures in this study are basically successful for the boring machine at Äspö, and these methods 
should be valid for other TBM machines. In addition, the force-coupling phenomenon is not negligible in 
the measurements of the cutter forces according to this study. (5) The cutter forces of the front cutter 
are much larger than the respective cutter forces of the gauge cutter. In addition, some of the maximum 
normal force peaks, tangential force peaks, and side force peaks of the front cutter are much larger 
than the respective average cutter forces. Moreover, the length of a medium crack produced by button 
cutters in the rock increases with an increasing normal force, and the actual loading rate of the boring 
machine is within quasi-static loading. 

On the basis of the above results, the last part of the thesis has discussed a number of interesting 
problems dealing with both further fundamental studies and engineering applications in the future. 

Keywords: rock; dynamic fracture; fracture toughness; effect of loading rate; energy partitioning; cutter 
force; cutter temperature; in-situ measurement; tunnel boring machine (TBM), cracked zone. 
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1 Introduction 

1.1 Effects of loading rates on rock fracture 

Al l forms of rock deformation and rock failure occur at different loading rates. For example, 
the movement of the earth's crust takes place very slowly, which is usually studied by means 
of rheology. Compared with the movement of the earth's crust, rock strength tests using 
common testing machines such as Instron and MTS equipment in the laboratory are performed 
at higher loading rates, which usually belong to static loading or quasi-static loading according 
to the following definition. Here we define a loading process in which stress wave propagation 
must be considered as a dynamic loading process and a lower loading process without 
considering stress wave propagation as a static or quasi-static loading process. Thus, rock 
destruction by a rotary machine and rock crushing by a grinding roll machine are generally 
within the extent of a quasi-static loading. At higher loading rates, rock failure in percussive 
drilling and blasting is a typical dynamic event related to stress wave loading. In addition to 
the above cases, rock failure in earthquakes, landslides, rock bursts, and oil-well fracturing 
occurs at different loading rates. A l l in all, all kinds of rock failure happen within a wide range 
of loading rates. 

The above description shows that it is imperative to investigate the effects of loading rates on 
the mechanical properties and failure behaviour of rock profoundly. Two major aims can be 
concluded. One is to help to predict and prevent or avoid natural disasters such as earthquakes, 
landslides, and rock bursts. The other is to improve the efficiency of current rock destruction 
methods, such as rock drilling, crushing, and blasting, or develop relevant new techniques for 
rock destruction. However, up to now most studies in the field of rock mechanics have been 
concentrated on the static or quasi-static loading condition. 

Fortunately, since the 1960's some authors (Rinehart, 1965; Kumar, 1968; Green and Perkins, 
1968; Birkimer, 1971; Shockey et al, 1974; Lindholm et al, 1974; Lundberg, 1976; Lankford, 
1976; Lipkin et al, 1977; Forrestal et al, 1978; Grady and Hollenbach, 1979; Grady and Kipp, 
1979; Grady and Lipkin, 1980; Blanton, 1981; Lankford, 1981; Cohn and Ahrens, 1981; Grady 
and Kipp, 1987; Olsson, 1991; L i , 1994; Yu, 1996) have investigated the effects of the loading 
rate or strain rate on rock failure by means of laboratory study, particularly by dynamic 
strength experiments. These studies have shown that dynamic rock strength can exceed the 
static rock strength by as much as a few orders of magnitude. So far, however, most of the 
studies concerning the effect of the loading rate on rock destruction have been basically limited 
to the influences of the loading rate on rock strengths, especially the uniaxial compressive 
strength. However, we find that rock strength is a vague parameter. Particularly, it is difficult 
to define the rock strength under dynamic loading, since the rock is often broken into many 
fragments and even crushed into powder, and the sizes of the fragments vary with the loading 
rate. Thus, the applications of dynamic strength are quite hmited. For example, in rock drilling, 
crushing, and blasting, the best aim to strive for is to use as little energy as possible to acquire 
as many fragments with a good size distribution as possible. In this case, to understand the 
effect of the loading rate on rock fragmentation, it is imperative to relate both the sizes of the 
fragments and the fragmentation energy to the loading rate. However, this is difficult work, 
because it is hardly realisable to determine the number and sizes of the fragmentation products 
(such as fragments, powder, etc.) and the energy consumption (such as the fracture energy, the 
kinetic energy of the fragments, the damage energy, etc.) in the process of rock fragmentation. 
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It is a well-known fact that all forms of rock failure are caused by the extension of one or more 
cracks. Therefore, it is of significance to focus one's study on the investigation of the loading 
rate's influence on rock fracture toughness, which is in fact a problem of single crack 
extension. This can form an important basis for the problem of multi-crack extension, which 
appears in most processes of practical rock failure, such as compressive rock strength tests. 
Costin (1981), Wu (1986), and Bazant et al (1993) measured the fracture toughness of oil-
shale, marble, granite, and limestone using 3-point bending specimens and fast-loading 
material testing machines. Their results indicated that the fracture toughness of the four rocks 

slightly increased with the loading rates k < 104 MPa m'/: sr1. Tang and Xu (1990), making use 
of a bar impact testing machine, determined the dynamic fracture toughness of a marble with a 
3-point bending specimen, and found that the dynamic fracture toughness of the marble was 
higher than the static fracture toughness of the rock. However, they did not obtain a 
quantitative relationship between the fracture toughness and the loading rate due to the 
limitation of the testing conditions. 

In recent years, Zhang et al (1992; 1993; 1999) and Zhang & Yu (1993), using a short-rod 
specimen, have measured the static and dynamic fracture toughness of marble and gabbro with 
or without high temperature, and have established a relationship between fracture toughness 

and the loading rate over a wide range, k = 10'2 - 106 MPa m'/:s-]'. However, an accurate 
determination of the critical time in the process of dynamic rock fracture requires a more exact 
experimental method than that used in previous studies, and the missing values of rock fracture 

toughness at the loading rates k - 10 2- 104 MPa m'/2s-] are needed. 

In addition, most of the previous studies on static/dynamic rock fracture have so far been 
hmited to macro-investigations. This is far from sufficient for exploring rock fracture 
behaviour and rock fracture mechanisms, since the macro-fracture of materials always results 
from micro-fracture. Micro-studies on rock fracture can be divided into two types: qualitative 
and quantitative investigations. Concerning qualitative investigation, the micro-studies in 
previous research have mainly been concentrated on the rock fracture surfaces (Zhang, 1994). 
This is not sufficient for distinguishing the rock fracture characteristics under static and 
dynamic loading. It therefore seems necessary to find another qualitative experimental method. 
As for quantitative investigations, since the 1980's fractal theory introduced by Mandelbrot 
(1982) has been applied to examine the fracture surfaces of various solid materials including 
rock (Xie, 1993). This has recently been reviewed by Charkaluk et al (1998). Furthermore, the 
fractal study of brittle materials has indicated that the rougher the fracture surface of a brittle 
material is, the greater is the fractal dimension of the fracture surface (Mecholsky et al, 1989). 
The study by Mecholsky et al (1989) also showed that the fractal dimensions of the fracture 
surfaces for several brittle materials were proportional to their fracture toughness. However, 
the above work dealing with brittle materials was performed under static loading conditions. 
Therefore, a similar fractal study on dynamic rock fracture is necessary. 

Moreover, in current percussive rock drilling, blasting, crushing, and grinding, the effective 
energy used in rock fragmentation is found to be quite small in comparison with the total input 
energy. For example, in rock cutting and drilling it is estimated that only 10 % of the input 
energy is used to fracture rock, while most of the input energy is wasted as heat or other forms 
of energy (Carroll, 1985). In blasting, the energy used in rock fracture and fragmentation 
varies from 5% to 15% (Revnivtsev, 1988). As for the energy utihsation in comminution, 
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including crushing and grinding, according to Prasher (1987) the energy utilisation in grinding 
is in the order of 3% at the maximum. Chi et al (1996) have pointed out that, in fact, the energy 
introduced into comminution systems that actually results in the formation of a new fracture 
surface is usually less than 1%. In short, the energy utilisation in the above-mentioned rock 
destruction operations is quite low. In order to either increase the energy efficiency in 
traditional rock destruction operations or look for new rock fragmentation methods with higher 
energy efficiency, it is imperative to quantitatively investigate energy partitioning in dynamic 
rock fragmentation. Hakalehto (1969), Wu (1971), Lundberg (1976), and Li (1994) have 
studied the energy consumption for unconfined rock specimens that are in compression at 
room temperatures and are subjected to stress wave loading. These investigations, however, 
have mainly focused on the study of the energy absorbed by a rock specimen during the 
process of fragmentation and have been limited to macro-experimental investigations of rock 
breakage. The energy absorbed by a specimen in dynamic fragmentation in fact consists of 
several parts, such as the surface energy consumed in the formation of fragments and the 
kinetic energy of fragments. The latter is difficult to determine by means of dynamic strength 
testing method such as those used in the studies by Hakalehto (1969), Wu (1971), Lundberg 
(1976), and L i (1994). In addition, it has been found that there is much inner cracking or 
damage in the fragments, such as branching cracks near the fracture surface and micro-cracks 
within the fragments produced under dynamic loading (Jaeger et al, 1986). On the basis of the 
previous investigations, it can be inferred that both the branching cracks near the fracture 
surfaces and the micro-cracks within the fragments must consume a certain part of the input 
energy. Therefore, the energy absorbed by the specimen can be divided into three main parts: 
the surface energy, the kinetic energy, and the energy spent in producing inner cracking 
damage in the fragments. 

In addition to the above-mentioned macro-study, meso-/micro-study, and energy partitioning 
investigation of the rock fracture process, the effect of temperature on rock fracture is another 
interesting problem to be investigated, because temperature is one of the main factors 
influencing the mechanical behaviour of rock. Up to now many authors (Cheatham, 1968; Wai 
et al, 1982; Heuze, 1983; Inada & Yorkota, 1984; Alm et al, 1985; Kou, 1987; Wang, 1989; 
Hommand-Etienne & Houpert, 1989; Lin, 1991; Duclos & Paquet, 1991; Zhang, 1994) have 
explored the effects of temperature on the basic physical and mechanical properties of various 
rocks under static loading. Their research indicates that: (1) temperature markedly influences 
the Young's modulus, the coefficient of thermal expansion, the compressive strength, tensile 
strength, and fracture toughness of the rocks; and (2) different heating/cooling rates usually 
give rise to different changes in the strength and fracture toughness of most of the rocks. 
However, many engineering problems concerning rock failure are simultaneously related to 
high temperatures and various loading rates, particularly high loading rates. For example, core 
drilling, percussive drilhng, and blasting produce transient mechanical and thermal loading 
onto rock. Therefore, it is necessary to investigate the effects of high temperature and loading 
rates on rock fracture. So far only a few authors have investigated the effects of temperature 
and loading rates on rock strength (Lindholm et al, 1974) and on rock fracture toughness 
(Zhang & Yu, 1993; Zhang et al, 1999) to some extent. Lindholm et al (1974) established a 
relationship between rock strength, temperature, and the strain rate. Zhang & Yu (1993) and 
Zhang et al (1999) measured the static and dynamic fracture toughness of Fangshan gabbro 
and Fangshan marble which were either pre-heat-treated at 200°C for the marble and 600°C for 
the gabbro or remained in a high temperature state during fracturing. However, in the studies 
by Zhang & Yu (1993) and Zhang et al (1999) the effects of axial pressure on the fracture 
toughness of the rocks were not considered in the determination of the fracture toughness. This 
gives rise to a certain difference between the measured fracture toughness and the true 
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toughness. In addition, the above two papers lacked an experimental investigation of the 
micro-fracture behaviour of the rocks. Moreover, the two papers did not deal with any 
quantitative analysis of the energy partitioning in the dynamic fracture process of the rocks. 

This thesis is an extension of the previous work performed by Zhang et al (1992; 1993; 1999) 
and Zhang & Yu (1993). The investigation dealing with dynamic rock fracture in the thesis 
consists of four parts: (a) testing methods for dynamic rock fracture toughness and the effects 
of the loading rate on rock fracture toughness; (b) the meso-/micro- characteristics of rock 
fracture under static and dynamic loading; (c) energy partitioning in the process of dynamic 
rock fracture; (d) effects of high temperatures on rock fracture. These form four international 
journal papers included in the thesis. 

1.2 Measuring cutter forces, cutter temperature and cracked zones in field 
rock 

The final goal of most fundamental studies is to serve relevant engineering practices, and the 
study of dynamic rock fracture is no exception. By means of mechanical rock destruction 
methods, more and more full-face boring machines or tunnel boring machines (TBM) are 
being used in rock engineering. However, further improvements to current boring machines are 
still necessary, and there should be plenty of scope for the improvements ahead. Because of 
this, scientists have been investigating rock boring in either the laboratory or the field for a 
long time. Since a boring machine excavates rock mainly by a number of cutters in its cutter 
head, research on rock boring is often concentrated on the cutters. 

Force measurements on a disc cutter during rock fragmentation in the laboratory have been 
widely reported by many authors, such as Takaoka et al (1973), Morrell and Larson (1974), 
Wang et al (1974), Snowdon et al (1982), Roxborough (1985), Özdemir and Dollinger (1987), 
and Lindqvist et al (1994). The laboratory tests have usually been performed on a small scale 
and by using a single tool. The cutter is installed on a modified common machine for linear 
cutting, in which the cutter is mostly fixed in position and the rock sample is displaced. The 
vertical and lateral forces and the displacement of the cutter are sensed by the strain gauges 
and displacement transducer attached to the loading machine or the support of the specimen. 
These simplified test designs are very easy and economical for the investigation of many 
factors which are very useful in the study of rock fragmentation and which benefit tool and 
boring machine manufacturers. On the basis of the experimental results, some formulas and 
theoretical models are established. 

Even so, in order to improve boring machines and borehole quality, it is still necessary to 
measure the cutter forces in field boring, because laboratory tests are different from field 
experiments in some respects, such as the confinement of the rock, fragmented debris, etc. 
However, due to the inconvenience of the instrumentation and the complexity of field working 
conditions, field tests of the cutter forces on TBM and other boring machines are not so 
extensive. An increasing interest in field tests is arising to take into account factors which are 
ignored in the laboratory tests and to verify and calibrate the established models. Field tests 
have been attempted by Hopkins and Foden (1979) and Samuel and Seow (1984) although 
such tests are few in number. Hopkins and Foden (1979) used a series of strain gauges welded 
at different locations on a cutter shaft to measure the normal force and tangential force of a 
raise boring machine during field excavation. A telemetry system was used to transmit the 
information from the rotating cutter head to the receiver near the raise boring machine. In the 
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TBM case, a rotary joint in the centre of the cutting head was used to transmit the four 
channels of signals of force components and moment (Samuel and Seow, 1984). 

Although the previous studies achieved success in field measurements of the cutter forces, 
there are still some improvements to be made and some gaps to be filled. These can be 
summarised as follows. (1) The signals for the measured tangential force and side force are 
weak, and the SN (Signal-Noise) ratio is too low when carrying out further analysis. (2) Force 
measurements of a button cutter have not been performed so far. (3) The previous studies do 
not deal with any force-coupling problem. (4) No crack examination has been conducted by 
the previous studies. (5) The relationship between the cutter forces and the sizes of the cracks 
induced in rock has not been investigated. (6) The actual loading rate of a boring machine 
during rock boring needs to be determined according to field measurements. (7) The 
temperature of the cutters in the process of rock cutting has not been measured. 

On the basis of the background above, this thesis introduces in-situ measurements of the cutter 
forces and cutter temperatures of a boring machine at Äspö underground. After the in situ 
measurements, the loading rate of the boring machine is estimated. Then the basic 
characteristics of the cutter forces are concluded. And then the cracked zones induced by the 
cutter forces in the borehole wall or bottom are measured by means of the core samples taken 
from the test borehole. After that, a previously established theoretical relationship between the 
normal cutter force and the length of a medium crack is modified. Finally, some comments on 
the design of the boring machine are proposed. 
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2 Effects of loading rates on rock fracture 

2.1 Experimental results for static and dynamic rock fracture toughness 

As mentioned above, dynamic rock fracture toughness has seldom been measured up to now 
due to the hmitations of dynamic fracture theory and dynamic experimental technique. As a 
result, no standard methods for measuring dynamic rock fracture toughness have been 
produced so far. Considering this situation, a short rod (SR for short) rock specimen suggested 
by ISRM for measuring (static) rock fracture toughness (Ouchterlony, 1988) was used to 
determine both static and dynamic rock fracture toughness. Two key problems encountered in 
dynamic fracture tests are (1) the successful measurement of transmitted stress waves and (2) 
determination of the critical time in dynamic fracture as exactly as possible. To solve the two 
problems, the semi-conductor strain gauge and dynamic Moiré method were employed. The 
experimental methods for rock fracture toughness are described in detail in Paper A. Here we 
only show the results for the fracture toughness of gabbro and marble. Fig. la,b, Fig. lc,d and 
Fig. le,f represent the results for the room temperature condition (named Case A), the pre-
heat-treated condition (Case B) and the high temperature environment (Case C), respectively. 
Fig. lb, Fig. Id and Fig. If show the results for dynamic fracture for the three different 
temperature conditions. From Fig. la it can be found that the static fracture toughness of 
gabbro or marble is approximately a constant with varying loading rates. However, the 
dynamic fracture toughness of both rocks always increases with increasing loading rates, no 
matter whether the rocks are influenced or not by high temperature. The results for dynamic 
fracture can be formulated in the following equations: 

For the room temperature condition or Case A, 

log KM = 0.68 log k -2.68 forgabbro (la) 

log Km = 0.76 log A: -3.19 for marble (lb) 

where KM is the dynamic rock fracture toughness in MPa m \ k is the loading rate in MPa m 2 

s'1, and log means the base 10 logarithm. As tc is used to represent the time interval from the 

start of loading until the critical state of the crack is achieved, k can be determined by k = Ku f 

For the pre-heat-treated condition or Case B, 

log Ku = 0.78 log k -3.26 for gabbro (2a) 

log Ku = 0.67 log £-2.61 for marble (2b) 

For the high temperature environment or Case C, 

log KM = 0.68 log k -2.77 for gabbro (3a) 

log Ku ~ 0.64 log k -2.54 for marble (3b) 

A l l equations (l)-(3) can be expressed by 
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Fig. 1. Static and dynamic fracture toughness of Fangshan gabbro and Fangshan marble, (a) and (b): 
Room temperature condition or without high temperature, (c) and (d): Pre-heat-treated condition, (e) 
and {fj: High temperature environment. 
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or 

logKJd=alogk + b (4a) 

K]d=cka (4b) 

Here a, b and c are constants to be determined by experiments, and c=lOb. It is easily seen that 

"b" is related to the fracture toughness value of a rock as the loading rate £ = 1 . 0 MPa m'^s'1, 
and "a" reflects the variation of the fracture toughness with the loading rates. 

These results indicate that, irrespective of the kind of rock and the type of temperature case, 
the fracture toughness of rocks under dynamic loading always increases with increasing 
loading rates. In other words, the rocks have a stronger resistance to fracture in dynamic 
loading than in static loading. And such a resistance increases with increasing loading rates 
under dynamic loading. Moreover, high temperature has quite a hmited influence on the 
dynamic fracture toughness of the rocks, which is different from the result obtained in static 
loading. 

2.2 Meso-/micro-characteristics of rock fracture 

The macro-fracture behaviour of rock is certainly related to its meso-/micro-fracture 
characteristics. To understand the effects of loading rates on rock fracture and fracture 
mechanisms, an investigation of the meso-/micro-characteristics of rock fracture is necessary. 
As soon as a specimen was fractured, the fragments produced (usually two halves) were 
carefully preserved from new damage on the fracture surfaces of the fragments. Such 
fragments were directly used for Scanning Electron Microscope (SEM) experiments. The 
characteristics of the fracture surfaces were examined by means of an SEM S-250MK3, see 
Paper B. The observations showed the following. (1) There were mainly two types of cracks: 
(i) micro-cracks such as intercrystalline cracks (IE, cracking on the boundaries of the 
neighbouring crystals) and intracrystalhne cracks (IA, cracking within a crystal); (ii) macro-
cracks. Here we name the macro-cracks as secondary cracks (SC), see Fig. 2 and 3. A 
secondary crack seen on a fracture surface is called a branching crack appearing on the cross-
section of the fracture surface in the following description. (2) An intercrystalline crack was 
the principal cracking form in the fracture surface of a statically fractured specimen, and the 
other damage forms, such as intracrystalhne cracks, appeared to be fewer than the former. For 
example, on the fracture surfaces of specimen m09 and m i l , fractured under static loading and 
shown in Fig. 2, many crystalline boundaries are very clear. (3) It appeared that intracrystalhne 
cracking was the chief cracking form in the fracture surface of a specimen fractured by 
dynamic loading, even though there were some intercrystalhne cracks simultaneously, see Fig. 
3. (4) A few secondary cracks, like the one shown in photo C in Fig. 3, were seen on the 
fracture surfaces of a dynamically fractured specimen, but no such secondary cracks were 
found on a static fracture surface. This observation indicates that a secondary crack is a typical 
feature of dynamic rock fracture. This phenomenon wil l be discussed later. (5) It seemed that 
the roughness of a fracture surface was strengthened with increasing loading rates. This 
examination shows that the loading rates influence the cracking forms of the fracture surfaces 
of the rock to a certain extent. 
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Fig. 2. SEM photos of 
the fracture surfaces of 
marble under static 
loading. 

m11 (A, B): 

k = 6.90x10'3 MPam14  

s1, Klc=1.132MPamA. 
Most of the fracture 
surfaces have clear 
intercrystalline cracking. 

m09 (C, D): 

k =7.55x10'2 MPam'A  

s1, Kic=1.132MPam'A. 
Photo (D) is an 
intercrystalline surface 
which was amplified. 

Fig. 3. SEM photos of 
the fracture surfaces of 
marble under dynamic 
loading. m20 (A): 

k=1.82x106MPam'As\ 
Kld=39.959 MPa m'A. 
There are typical 
intercrystalline cracks. 

m25 (B): k =2.16x10 5, 
K/d=8.223 MPa m'A. 
There are typical 
intercrystalline cracks. 

m24 (C): k =6.47x105, 
Kld=16.182 MPa m'A. 
There is a typical 
secondary crack. m23 

(D): k=1.12x106, 
KM=26.926. This is a 
typical intracrystalline 
crack surface. 

In order to examine the mechanisms and characteristics of rock fracture further, it is necessary 
to investigate the characteristics of cracking on the cross-section of a specimen. To examine 
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the vertical section of a specimen, the fracture surface of one of its fragments must be 
protected from mechanical damage induced by later machining. Firstly, a small Bakelite plate 
was firmly bonded on the fracture surface of the fragment. Secondly, the fragment was cut 
along its axis through the notch tip. The section of the fragment was perpendicular to its 
fracture surface. Finally, the section was abraded flatly and polished (see Fig. 4). In this 
investigation cracking inside rock specimens was examined by using SEM. A few SEM photos 
of the sections of the fractured surfaces of some specimens are shown in Fig. 5 and others in 
Paper B. From this investigation we can conclude the following points: 

1. The branching cracks on the sections of the specimens are connected with the loading 
rates; i.e. branching cracks are rarely found on the sections of the specimens fractured by 
static loading. However, one or more branching cracks can be clearly seen on the sections 
of the specimens fractured under dynamic loading. Moreover, the higher the loading rate is, 
the clearer is the branching crack. 

2. When the loading rate is up to 10 !-102 

MPa m'2 s'1, a different form of 
branching crack, which usually starts 
from and stops at the fracture surface, 
often occurs. Here we call such a crack 
a layer crack so that we can distinguish 
it from a general branching crack in the 
following description. Some layer 
cracks can be seen in the photos of 
specimen No. 50 and 47 shown in 
Paper B. 

3. The angle between a branching crack 
and the fractured surface, which is less 
than or equal to 90°, also increases with 
the loading rates (see the pictures for 
specimen No. 12, 23, 24, and 35 shown 
in Paper B). 

It has been found that the dynamic rock 
fracture toughness is related to the 
branching cracks. In addition, it appears 
that the total length of the branching cracks 
increases with the loading rates. 

2.3 Fractal behaviour of rock fracture surfaces 

As described in Section 2.2, the examination of the fracture surfaces or their vertical sections 
by means of SEM can only produce a quaHtative result. This is insufficient for investigating 
the behaviour and mechanisms of rock fracture at different loading rates. A quantitative study 

^ ^ ^ ^ notch tip 

fi 

fracture surface 

A A 

j notch tip j 
(b) 

Fig. 4. Fracture surface (a) and its vertical 
section (b) of a short rod specimen. 
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F/g. 5. Photos of cracking damage on the sections of gabbro specimens C01 and No.07. C01: 

k=1.57x10'1 MPa mAs\ Klc=2.831 MPa mA. The extending direction of the main crack is from photo 

044 to 049. No.07: k=1.79x105 MPa m'As\ Kld=9.333 MPa m'A. The extending direction of the main 

crack is from photo 028 fo 039. 
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is therefore necessary. By using fractal theory, the author of this thesis measured the fractal 
dimensions of the fracture surfaces of the gabbro and marble specimens fractured at various 
loading rates covering static and dynamic loading, and explored the relationship between the 
fractal dimensions and the fracture toughness of the rocks. A detailed description of the 
method and the respective results for this work are provided in Paper D. The main results are 
presented in Fig. 6. Fig. 6a shows the result for gabbro in the room temperature condition, and 
Fig. 6b the result for both gabbro and marble in the high temperature condition. From the 
results it can be found that the fractal dimensions of the rocks are correlated to the loading rate. 
The relationship between the fractal dimensions DF and loading rates may be expressed by the 
following equations. 

For the static fracture of gabbro in the room temperature condition, we have 

D* = 0.027, when k < l x l 0 4 MPa m'/: s ' (5a) 

where: D* = DF-1 (D* is called the fractal increment). 

For the dynamic fracture of gabbro in the room temperature condition, we have 

log D* = 0.37 log k -3.41, when k > l x l 0 4 MPa m/: s! (5b) 

For both gabbro and marble in high temperature condition, we have 

log D* = 0.43 log k -3.48, when k > l x l 0 4 MPa m/: s1 (5c) 

The results in Fig. 6 or equation (5) indicate that the fractal dimensions of the gabbro 
specimens fractured under static loading do not change too much; i.e. they can be 
approximately taken as a constant. However, the DF of the gabbro fractured under dynamic 
loading increases with increasing loading rates. It is very interesting that this relationship is 
consistent with that between the fracture toughness of the gabbro and the loading rates. 
According to the data in Fig. 6 we can find that the value of DF for a gabbro specimen is 
correlated with its K\c or Ku. Their relationship is shown in Fig. 7 and can be described by 
equation (6) 

KA=A(Dy (6) 
KId) 

where A and B are constants obtained from the regression analysis of the experimental data. 
The values of A and B obtained from the data for the gabbro in Fig. 7a are 1.71xl04 and 2.36, 
respectively. Equation (6) indicates that the fracture toughness of the gabbro increases with an 
increasing fractal increment of its fracture surface. In other words, the fracture toughness 
increases with increasing roughness of the fracture surfaces. This result is similar to that 
obtained by Mecholsky et al (1989). This implies that the gabbro probably has similar 
mechanical properties to those of the brittle materials investigated by Mecholsky et al (1989). 
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The following conclusions can be made. (1) Fractal geometry can be taken as a quantitative 
method for studying rock fracture surface and fracture mechanism. (2) Fractal dimension of a 
fracture surface is correlated to the relevant fracture toughness. (3) The influence of high 
temperature on the relationship between the fractal dimension and the loading rates is limited 
to a small extent. 

5.00 5.20 5.40 5.60 5.80 

Log k ( M P a m * s 1 ) log k (MPa m1 / 2 s" 1) 

(a) (b) 

Fig. 6. Relationship between fractal dimensions and loading rates, (a) Gabbro in room temperature 

condition. For dynamic fracture: log D* = 0.37 log k-3.41; log K,d = 0.63 log k-2.4. (b) Gabbro and 

marble in high temperature condition. For dynamic fracture: log D* = 0.43 log k -3.48. 

(a) (b) 

Fig. 7. Relationship between fracture toughness and fractal dimensions, (a) Gabbro: static and 
dynamic fracture in room temperature condition, (b) Gabbro and marble: dynamic fracture in high 
temperature condition. 

2.4 Energy partitioning in the process of rock fracture 

As mentioned in Section 1.1, in order to either increase the energy utihsation in traditional 
rock fragmentation or look for better fragmentation methods, it is necessary to investigate 
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energy partitioning in rock fragmentation. The fracture tests (in Paper B) have shown the 
following. (1) A l l the specimens in static fracture and most specimens in dynamic fracture 
were usually separated into two equal parts along the direction of their main cracks. (2) During 
dynamic fracture the rock fragments always flew away at different speeds. In other words, 
under dynamic loading another part of the energy was consumed as the kinetic energy of the 
flying fragments. This indicates that it should be easier to investigate the energy partitioning 
through the fracture tests in the study than the previous dynamic strength tests, particularly in 
determining the kinetic energy of the flying fragments and investigating the cracks induced in 
the fragments. According to the experimental system for dynamic rock fracturing, several 
energy forms can be defined: 

røV-the kinetic energy of the striker bar, i.e. the total energy input to the 
loading system, 
Wi—the energy of the incident stress wave, 
WR~the energy of the reflected stress wave, 
Wr—the energy of the transmitted stress wave. 

Assuming that the energy induced by the friction between the wedge and the steel slices on the 
specimen is negligible, then we have the energy totally absorbed by the rock specimen, i.e. 

WL= Wi-(WR+WT) (7) 

The values of the energies W B , Wi, W R , and W t were calculated according to the stress waves 
measured during dynamic rock fracture, and the W L was obtained by equation (7). The results 
are shown in Fig. 8 and can be expressed by the following equations: 

WL = Constant, for static fracture (8 a) 

log WL = 0.94 log k - 5.09 for dynamic fracture in Case A (8b) 

log WL = 0.97 log k - 5.12 for dynamic fracture in Case B (8c) 

Equations (8b) and (8c) can be expressed by 

log WL = a i log k+bj for dynamic fracture in Case A and B (8d) 
or 

. °i 

WL -cxk for dynamic fracture in Case A and B (8e) 

where au hi, and c; are constants to be determined by experiments and cl = 10*1. The above 

results indicate that the energy WL of each specimen fractured in static loading is much less 
than that of each specimen fractured in dynamic loading, and that the energy WL in dynamic 
loading increases with an increasing loading rate. The energy WL mainly consists of the 
fracture and damage energy WFD, the kinetic energy WK of fragments which f ly at a certain 
speed once the specimen is separated, and the other energy Wo (for example in the form of 
thermal energy) consumed during fracturing. The WFD is used for forming fracture surfaces, 
producing crack bifurcation near fracture surfaces, and inducing micro-cracking damage 
within the fragments. The energy Wo is assumed to be very small and negligible in this 
investigation. Thus, we have the following equation 
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WL=WFD+WK (9) 

According to the experimental investigation in Case A, when the loading rate k= l . l -2 .9xl0 5 

MPa tn/2$~, WK/WL = 4-7%. Supposing that the result is valid for Case B, we can consider that 
most of the energy WL is used for producing fracture surfaces and inner damage including 
crack branching in both Case A and Case B. 

Log k ( MPa r r v V 1 ) log k ( MPa r r r V 1 ) 

(a) (b) 

Fig. 8. Relationship between the energy WL and the loading rate k. (a) Room temperature condition 
(Case A). "H" in the figure means that the tests were performed with a high-speed framing camera. For 

static fracture: WL = constant; for dynamic fracture: log WL = 0.94 log k - 5.09. (b) Pre-heat-treated 

condition. For dynamic fracture: log WL = 0.97 log k - 5.12. 

5 

* Static Dynamic 
•* • 

• gabbro 
. A gabbro (H) 

c marble (H) 
i . i . 

Ä " Static Dynamic 

•* • 

• gabbro 
. A marble 

*-
i . i . 

Log k ( MPa nrvV 1 ) log k (MPa m V ) 

(a) (b) 

Fig. 9. Relationship between the energy utilisation ratio and the loading rate, (a) Room temperature 
condition. "H" in the figure means that the tests were performed with a high-speed framing camera, (b) 
Pre-heat-treated condition. 
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Moreover, we can find that the value of 
WL/WB, defined as the ratio of energy 
utihsation, varies markedly with the 
loading rate, and the energy utilisation in 
dynamic loading is much lower than that in 
static loading, see Fig. 9. This indicates that 
most of the input energy in dynamic 
loading does not play a role in rock 
fracture. Furthermore, we can find that the 
ratio of energy utihsation decreases with an 
increasing impact speed of the striker bar 
(similarly to the loading rate), see Fig. 10. 

a g a b b r o (H) 

m a r b l e (H) 

i'o (m/s) 

Fig. 10. Relationship between the energy 
utilisation ratio and the impact speed of the striker 
bar. "H" in the figure means that the tests were 
performed with a high-speed framing camera. The 
equation for the solid line is: WJWB = -0.017 v0 + 
0.23 

2.5 Effects of high temperatures on static and dynamic rock fracture 

® marble 

A gabbro 

As explained above, previous studies (Alm et al, 1985; Kou, 1987; Wang, 1989; Duclos & 
Paquet, 1991; Zhang, 1994) have shown that temperature affects the static fracture toughness 
of rock noticeably, irrespective of the heating method used, i.e. whether the rock was rapidly 
heat-treated before the test or in a high temperature environment during the test. 
Concerning the same rocks as the gabbro 
and the marble in this study, the results for 
the static fracture toughness of the rocks 
with different heat-treatment temperatures 
are shown in Fig. 11 (Zhang and Yu, 
1993). These results indicate that the 
fracture toughness of the rocks decreases 
with increasing temperature. For example, 
the fracture toughness of the gabbro heat-
treated at 600°C and the marble heat-
treated at 200°C are both reduced by about 
50% compared with their static fracture 
toughness at room temperature (20°C). In 
addition, at the same temperature, the 
difference in fracture toughness between 
the two rocks is marked. For example, the 
fracture toughness of the gabbro heat-
treated at 200°C is 3 times as great as that 
of the marble heat-treated at 200°C. 

CO 

D_ 

4 0 0 600 

T ("c) 

Fig. 11. Static fracture toughness of 
gabbro and marble heat-treated. 

Therefore, it can be concluded that temperature is one of the important factors that influence 
the static fracture characteristics of rock. However, this conclusion is substantially different 
from that obtained under dynamic loading and shown in Fig. la-d. These figures, compared 
with Fig. 11, indicate that the influence of high temperature on the dynamic fracture toughness 
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of the rocks is quite smaller than the corresponding influence on the static fracture toughness 
of the rocks. This can be explained by means of the following comparisons. According to the 

curves in the figures, as log k is equal to 5.6, the fracture toughness of the gabbro at room 
temperature (Case A) and that of the gabbro pre-heat-treated at 600°C (Case B) are 13.4 MPa 
mÅ and 12.8 MPa mA, respectively. Their difference is only 4%. This is much smaller than 
50%~the corresponding difference in the static fracture. Furthermore, Fig. 1 shows that the 
fracture toughness of the rocks under dynamic loading mainly depends on the loading rates. In 
other words, the influence of high temperature on the dynamic fracture toughness is quite 
hmited. The above comparisons indicate that high loading rates greatly reduce the influences 
of temperature on rock fracture toughness. This is very similar to the studies of the effects of 
temperature on rock strength by Lindholm et al (1974). 
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3 Measurements of cutter forces, cutter temperature and 
cracked zones 

3.1 Experimental methods for cutter forces and cutter temperature 

Two button cutters—one front cutter and one gauge cutter—were used to measure cutter 
forces, and the front cutter was also used to measure cutter temperatures at the same time. A 
total of six strain gauges were installed on each shaft of the two cutters so as to measure three 
directional cutter forces—the normal force, tangential force and side force of the cutter. In 
addition, two temperature gauges were installed on the shaft of the front cutter to measure the 
temperature on the cutter shaft. A telemetry system including transmitters and receivers was 
employed to transfer the signals for both the cutter forces and the cutter temperatures from the 
strain gauges or temperature gauges to a computer in the field. 

In order to solve the force-couphng problem, a three-direction-loading system was used in 
laboratory calibration, and the relevant mathematical treatment was performed. A detailed 
description of the experimental methods and laboratory calibration is presented in Papers E-G. 

3.2 Results for cutter forces 

The cutter forces and cutter temperatures from the last 7 casings of the test borehole were 
successfully measured in Äspö Hard Rock Laboratory. Here we only show some measured 
results from casing 10 in Fig. 12. This figure gives the measured forces of both the front cutter 
(in the machine this cutter is numbered as "10") and the gauge cutter (numbered as "18A") 
within the first 7 minutes of boring in casing 10. 

From Fig. 12 two conclusions can be drawn. (1) The maximum cutter force (e.g. the normal 
force, tangential force and side force) of the front cutter is much larger than the respective 
cutter force of the gauge cutter. The chief reason for such a result is that the gauge cutter 
during most of the boring time goes into the position where another gauge cutter located on its 
nearest periphery on the cutter head has produced rock breakage earlier. One further 
explanation may be that the distance between the two gauge cutters in the diameter direction of 
the cutter head is only 16 mm. Obviously, rock boring is quite different from metal cutting. It is 
possible that the sizes of the rock chips caused by a cutter can reach 16 mm. From the point of 
view of rock breakage, the gauge cutter in which we measured forces is not used much. 
However, this does not mean that such a distribution of the gauge cutter is wrong, because the 
gauge cutter can make the wall of the borehole smooth. (2) The maximum normal, tangential 
and side forces of the front cutter appear once every 5-7 seconds. On the one hand, this result 
shows that the force-couphng phenomenon is strong. On the other hand, the result indicates 
that the maximum normal force, tangential force and side force are much larger than the 
average normal force, tangential force and side force. Such a big difference between the 
maximum force and the average one is unreasonable from the viewpoint of rock boring. In 
other words, too high a cutter force is unnecessary for rock boring. (3) Each peak of the normal 
forces (except for negative ones) means a whole penetration process of one button. In the 
process, the button is loaded from a low level to maximum, i.e. the peak value. When the peak 
normal force is reached, the rock beneath the button is broken and the button as well as the 
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c. Measured side force of the front cutter 
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c10A01n1 (cutter 18A) 

400 401 402 403 404 405 
T i m e (s) 
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d. Measured normal force of the gauge cutter 

c10A01t1 (cutter 18A) 

— i 1 1 — 

404 405 
T i m e (s) 

406 408 
1 

409 400 401 402 403 

e. Measured tangential force of the gauge cutter 

C10A01I1 (cutter 18A) 

404 1 405 
T i m e (s) 

408 409 

/. Measured side force of the gauge cutter 

Fig. 12. Measured cutter forces in the first 7 minutes of boring in casing 10. 
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respective cutter is unloaded. At the same time, the normal force goes down. According to Fig. 
12a, the smallest normal force peak is about 60 kN. This indicates that only as the normal force 
is equal to or greater than 60 kN, may the rock be broken by the button. 

However, Fig. 12 only shows the cutter forces measured during 8 seconds of boring with the 
machine. This is not long enough to find the basic characteristics of the force signals. 
Therefore, it is necessary to perform spectral analysis of the force signals by means of fast 
Fourier transforms. Here we use the MATLAB program to perform the spectral analysis. Fig. 
13 shows the results of the spectral analysis for both the front cutter and the gauge cutter 
during the first 7 minutes of boring in casing 10. Fig. 13 shows that the maximum, minimum 
and mean normal force (or tangential force or side force) of both the front cutter and the gauge 
cutter during the first 7 minutes of boring. The results indicate that the maximum, minimum 
and mean normal forces of the front cutter are 684, -43 and 120 kN, respectively. However, the 
maximum, minimum and mean normal forces of the gauge cutter in the same period are 104, -
69 and -1.2 kN, respectively. It is clear that the maximum normal force of the front cutter is 
much larger than that of the gauge cutter. The tangential forces and side forces of both cutters 
have similar results. These results are consistent with those shown in Fig. 12. 

According to Fig. 13 the following conclusions can be made. 

1. For the front cutter, the main energy components he in the range 0-5 Hz. 
2. For the gauge cutter, the main energy components lie in the range 0 - 10 Hz, because a high 

power level appears at the frequency f ~ 9 Hz. In addition, corresponding to f ~ 9 Hz a 
relatively high power level occurs in the power spectra plot for the side force of the front 
cutter, see Fig. lb. This shows that the side force of the front cutter is related to all three 
directional cutter forces of the gauge cutter. 

3. According to Fig. 13a-c, asf~ 0.15 Hz, the second highest power levels relevant to FN, FT, 
and FL occur. The F a , FT, and FL corresponding to / ~ 0.15 Hz should be the two peak 
values in Fig. 13a, 13b, and 13c, respectively. This is because the peak forces appear in the 
period T = 5 - 7 seconds. Under such peak cutter forces, the rock beneath the cutter should 
definitely be broken. 

Fig. 14a indicates that most of the normal force is concentrated in the region of Fy = 0-100 kN, 
and the rest in the range of FN = 100-680 kN, where most of the normal force peaks are 
situated. According to the description above, it is only as FN ^ 60 kN, that the rock beneath the 
cutter may be fragmented. Thus the distribution of the normal force in the figure has better be 
improved further. In other words, a good distribution of the normal force should prevent those 
normal force peaks that are much higher than 60 kN. Moreover, the side force had better be 
zero. The reason can be explained as follows. A large horizontal force is possibly formed by 
the side forces from each cutter and then applied to the machine. This horizontal force makes 
the machine shake or move in the horizontal direction that is perpendicular to the axis of the 
borehole. Furthermore, such a horizontal force will give rise to an increase in the roughness of 
the borehole wall and even create some grooves in the wall. Therefore, the side force should be 
reduced to as small a value as possible. Particularly, a large side force should be avoided. For 
example, the distribution curve for the side force in Fig. 14b should be concentrated in the area 
around Fi= 0 kN. Similarly to the case of normal force in Fig. 14a, in the distribution of the 
tangential force those very high tangential forces should also be avoided. 
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Fig. 13. Power and frequency for cutter forces during the first 7 minutes of boring in Casing 10. (a) 
Normal force of the front cutter, (b) Side force of the front cutter, (c ) Tangential force of the front cutter, 
(d) Normal force of the gauge cutter, (e) Side force of the gauge cutter, (f) Tangential force of the gauge 
cutter. 
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Fig. 14. Distribution of cutter forces in Casing 10 (first 7 minutes of boring), (a) Normal force of the front 
cutter, (b) Side force of the front cutter, (c) Tangential force of the front cutter, (d) Normal force of the 
gauge cutter, (e) Side force of the gauge cutter, (f) Tangential force of the gauge cutter. Percentage of 
the sample time recorded = the number of times during sampling when an equal FN occurs / the total 
sampling times (here the total sampling times=40858). 
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As described above, the cutter forces of the gauge cutter 18A are much smaller than the 
respective cutter forces of the front cutter. In other words, the gauge cutter does not play its 
role in rock fragmentation effectively. 

In conclusion, from Fig. 12 we can find that the design of the cutters is not so good because a 
large side force is caused during boring. Such a side force would probably give rise to a large 
horizontal force for the boring machine. This is not only harmful for the stability of the 
machine but also bad for the smoothness of the borehole wall. In addition, from the measured 
cutter forces we note that maximum cutter forces (or the forces close to the maximum values) 
periodically appear once every 5-7 second. This is reflected in the part of the frequency/< 0.2 
Hz in the Fig. 12. It looks that the rock boring does not only rely on the maximum forces, 
because the smaller cutter forces than the maximum ones should be enough to fragment the 
rock beneath the cutter. For example, according to the above statements, as FN > 60 kN, the 
cutter or one button is possible to be able to break the rock beneath it. I f so, we should avoid 
such maximum cutter forces appearing in the rock boring, because excessively high cutter 
forces are not good for the machine. 

3.3 Results for cutter temperature 

The cutter temperature measurements are described in detail in Paper G. The temperature on 
the cutter shaft in casing 8-10 is shown in Fig. 15. The different symbols in the figure 
represent the results measured in different casings. Each symbol stands for the average 
temperature during 3.3 seconds of boring. The sohd lines are the fitted results. From Fig. 15 
we can draw the following conclusions. 

1. The temperature on the shaft is mainly caused by the heat conducted from the cutter 
surface, rather than by the heat produced from the friction between the shaft surface and 
the inner surface of the cutter due to the cutter rotation. Otherwise, the first straight hne in 
Fig. 15 would have the same slope as the second line. 

2. The temperature on the shaft surface is mainly dependent on the boring time, i f the rotation 
speed is kept constant. The thrust of the boring machine almost does not influence the 
temperature. This can be seen from Fig. 15. In this figure the thrust in casing 8 is markedly 
larger than that in casing 10. However, the measured result for casing 8 is almost the same 
as that for casing 10. 

3. The relationship between the temperature and the boring time for each casing can be 
expressed by using three-part straight hnes. The first hne shows the variation of the shaft 
temperature in the initial period of each casing. This period lasts about 7-14 minutes. On 
the one hand, the temperature in the shaft decreases continuously in this period due to the 
temporary interruption of boring after the completion of the previous casing. On the other 
hand, the increasing heat from the cutter surface due to the resumption of boring is 
transferred into the shaft, and the temperature in the shaft starts to rise. Thus, the 
temperature on the shaft surface increases slowly compared with the subsequent two 
periods. 

4. The second straight hne describes the shaft temperature under 75°C or so. During this 
period the difference between the cutter temperature and the air temperature surrounding 
the cutter is not so large, so the heat loss in the process of heat conduction from the cutter 
surface to the shaft is small or can be neglected. In other words, it can be assumed that the 
second hne approximately expresses the variation of the temperature on the cutter surface. 
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5. When the difference between the cutter temperature and the air temperature surrounding 
the cutter increases to a certain degree, the heat loss through radiation in the process of heat 
conduction from the cutter surface to the shaft augments greatly. Therefore, the third 
straight line in Fig. 15 can only stand for the temperature on the shaft surface rather than 
that on the cutter surface. Naturally, the temperature on the cutter surface should be higher 
than that on the shaft surface. 

6. The cooling time (or the duration of the temporary interruption of boring) between two 
neighbouring casings influences the slopes of the straight hnes in Fig. 15. For example, the 
cooling times between casing 7 and casing 8, casing 8 and casing 9, and casing 9 and 
casing 10 are 190 minutes, 910 minutes, and 253 minutes, respectively. Because the 
difference between 190 minutes and 253 minutes is not large, the second and third straight 
lines for casing 8 have the same slopes as the corresponding hnes for casing 10 in Fig. 15. 

However, because 910 minutes is much 
longer than 190 minutes and 253 minutes, 
the slopes of the second and third hnes for 
casing 9 in Fig. 15 are greater than the 
corresponding slopes for casing 8 and 
casing 10. Moreover, it can be found that 
the influence of the cooling time on the 
slopes of the straight lines decreases with 
increasing boring time. For example, the 
influence of the cooling time on the slope 
of the third line is smaller than the 
corresponding influence on the slopes of 
the first and second lines. Therefore, for 
practical applications, the influence of the 
coohng time can be neglected, since our 
attention should be focused on long-time 
boring rather than on short-time boring. 

120 
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+ Casing 9 
• Casing 1 0 
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T = 0.42 t + 54.2 

T = 1.12 t + 24.2 
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Fig. 15. Temperature variation in casing 8-10. 

On the basis of the above description, equation (10) below may be used to predict the shaft 
temperature of the cutter. 

T = A/ t + Bj t< 45 minutes (10a) 

T = A2t + B2 t>45 minutes (10b) 

where A], Bj, A2, and B2 are the parameters determined by the measured data from casings 8-
10. Their values are A! = 1.12, B, = 24.2, A2 = 0.42, and B2 = 54.2. They are determined 
according to the fitted results for all three casings. 

It is necessary to point out that the above equations, including the parameters, are obtained 
while the rotation speed of the boring machine is kept at 10 rpm. Because the cutter 
temperature mainly increases due to the friction between the cutter surface and the rock, as 
analysed above, the rotation speed of the machine greatly influences the cutter temperature. A 
laboratory study of rock cutting using a diamond cutter shows that, i f the cutter rotation speed 
is increased from 40 to 100 rpm, the cutter temperature rises from 7°C to 17°C (Cooper et al, 
1994). This almost means that, i f the rotation speed is increased by 100%, the cutter 
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temperature rises by approximately 100% too. Assuming that the boring in the laboratory study 
is comparable to the field rock boring at Äspö, the real cutter temperature calculated by 
equation (10) should be doubled i f the rotation speed is increased from 10 rpm to 20 rpm. For 
example, i f the continuous boring lasts for 1.5 hours, the shaft temperature wil l rise to 92°C 
according to equation (10). However, i f the rotation speed of the boring machine is increased 
from 10 rpm to 20 rpm, the shaft temperature wil l rise to 184°C on the basis of the above 
analysis. 

On the other hand, as discussed above, the cutter surface temperature wil l be much higher than 
184°C i f the boring lasts 1.5 hours and the rotation speed of the boring machine is kept at 20 
rpm. I f the temperature on the cutter surface is too high, the cutter surface, including the 
carbide buttons, wi l l be definitely affected. In other words, the cutter surface wil l be easily 
worn down at high temperatures. Finally, it is necessary to point out that in this study the air 
coohng method is used for the boring machine. I f other coohng methods, such as water-
cooling, were employed, the equations for the temperature would be different to a certain 
degree. 

3.4 Cracking patterns of disturbed zones induced by mechanical boring 

In order to examine the cracks induced by mechanical boring, we cut each rock sample from a 
vertical section that is perpendicular to the surface of the sample. On such a surface we can see 
a number of small cracks produced by the cutter buttons. Usually the section goes through one 
or two craters, which were produced by one or two buttons of the button cutter. Surrounding 
one crater, one or more major cracks with different sizes can be clearly seen by means of SEM. 
However, it is not easy to see such cracks clearly by the naked eye. This indicates that the 
magnification chosen in SEM experiments is related to the results for the crack examination. A 
proper magnification should be large enough to see the main cracks very clearly, but not so 
large that too many photographs have to be taken in the SEM experiments. On the basis of 
initial tests, we chose 20 as a fixed magnification for the SEM experiments. Fig. 16 shows the 
results of the SEM photography. The crack system of each crater was continuously 
photographed. On the base of the photographs, we are able to measure the length of each major 
crack induced by mechanical boring. The measured results are compiled in Table 1. 

Table 1. Medium crack len gth (Lm) and side crack length (L s) induced by mechanical boring 
No. Lm (mm) Ls (mm) FN (IN) D (mm) Rock type 
B M 1 ( A ) 

8.57* 15 150-375 24 Äspö diorite 
B M 1 ( B ) 

13.93* 18.57* 150-525 24 Äspö diorite 
B M 2 ( A ) 17.86 21.43* 150-281 24 Äspö diorite 
B M 3 ( A ) 16.57 17.14* 130-253 24 Granite 
BM4 ( A > 27.14 17.86 160-532 24 Äspö diorite 
B M 4 ( C ) 16.43 17.14* 150-240 24 Granite 
BSA ( A ) 7.86* 14.29 70-106 24 Granite 
BSA ( B ) 5.71* 18.57* 60-78 24 Granite 
BSB ( A ) 7.86* 10.71* 62-103 24 Granite 

*In this case, a major medium crack or side crack was not found in the section of a core sample. One possible 
reason is that the section does not reach the position in which the major crack is located. So the Lm and Ls with the 
symbol "*" in Table 9 were determined approximately according to the sizes of the crater produced by a button. 
Naturally, such an Lm or Ls is smaller than a real one. 
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(b) 

Fig. 16. SEM photographs of the cracks induced by mechanical boring. The actual magnification 

can see from the figure here is approximately 8. 
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3.5 Relationship between normal cutter forces and length of medium cracks 

According to Kou (1995), the relationship between the indentation force of a hemispherical 
indenter and the length of the medium crack induced in rock is 

Lji2(^^-)XI1IFN= 2.8xl0" 2+ 3 . 0 9 x l f J 2 ( - ^ - ) (11) 
1 -v 2 cjcd

2 

Where Lm—length of medium crack, 
E—Young's modulus, 
G/c—energy release rate, 
V—Poisson's ratio, 

<7C—uniaxial compressive strength, 
d—diameter of the hemispherical indenter (or button). 

Equation (11) was based on the experimental results from the rock mechanics laboratory. The 
theoretical derivation was based on the following assumptions: a rigid hemispheric indenter, a 
semi-infinite rock mass, a static load, and an isothermal process, as well as homogeneous and 
isotropic rock material, etc. The field condition is different from these assumptions to a certain 
extent. However, it is still valid to make a comparison between them. 

According to linear elastic fracture theory for plain strain problems, the energy release rate Gjc 

and the fracture toughness have the following relationship: 

GIc=(l-S)K,c

2/E (12) 

where Kjc is the mode-I fracture toughness of the rock. When Klc is not meausred directly, it 
can be calculated approximately by the following equation obtained from experimental results 
(Zhang et al, 1998): 

<7t= 8.88 Kic065 (13) 

where at is the tensile strength of the rock. Thus we have 

K]c = 0.79 MPa m/: and 

Gie = 12.28X10"6 MPam for Äspö diorite, 

and 

K,c= 1.25 MPa m 2 and 
Gie = 29.75X10" 6 MPam for Granite. 

Finally we can obtain the relationship between the normal force FN and the length of the 
medium crack: 

Lm = (0.04FA +0.78 FN

2 f 3 for Äspö diorite (14a) 

Lm = (0.02FN +0.44 FN

2 f 3 for Granite (14b) 
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where FN is in "MV" and Lm in The theoretical results from equation (14) are presented 
by two solid lines in Fig. 17a. The measured crack lengths with their respective normal forces 
are shown by horizontal solid and dashed lines with two different dot symbols in the figure. 
From Fig. 17a we can see that the theoretical length of a medium crack is always larger than 

E 
'S 20 

<> Äspö diorite 

• Granite 

200 400 
Normal fo rce (kN) 

200 400 
Normal fo rce (kN) 

(a) (b) 

Fig. 17. Relationship between normal force and crack length, (a) medium cracks, (b) side cracks. 

the actual length by a few times under a certain normal force. The big difference between the 
theoretical and the actual lengths is probably caused by three major factors. (1) The theoretical 
results are usually based on a smooth rock surface into which an indenter or button is pressed, 
but the actual rock surface in the field is often very rough. (2) The theoretical rock surface is 
always clean, i.e. it has no previously crushed or broken pieces of rock. However, the actual 
rock surface often has some previously produced pieces of rock. Such rock pieces, in the 
author's opinion, greatly reduce the crack length in the field. (3) There is a difference between 
the confinement of the field rock and that of the laboratory rock on which the theoretical result 
is based due to the existence of tectonic pressure in the field. The tectonic pressure is an 
additional confinement to the plane strain condition. It increases the compressive strength and 
energy release rate in equation (11) and wil l reduce the crack length further. 

Assuming that an average value of the measured minimum and maximum normal forces 
corresponding to a crater is the actual normal force producing the crater, we can find that the 
measured lengths of the medium cracks basically increase with increasing normal forces. This 
is similar to the theoretical results. Moreover, the theoretical results can be approximately 
modified by multiplying a coefficient into equation (14). Thus, the modified equation can be 
used to predict the crack length or cracked zones induced by mechanical boring in practice. 
The modified results corresponding to equation (14) are shown in equation (15). 
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Lm = C] (0.04 FN +0.78 FN

2 f 3 for Äspö diorite (15a) 

Lm = C2 (0.02 FN +0.44 FN

2 f 3 for Granite (15b) 

where C/ and C2 are modification coefficients which should be less than or equal to 1. In 
addition to the medium cracks, we measured the lengths of the side cracks. The result is shown 
in Fig. 17b. We can also see that the length of the side cracks has a weak increasing tendency 
with increasing normal forces. 

In addition to the samples for the button cutter, three samples for the disc cutter were also 
taken from the bottom of the test borehole. Unfortunately, we did not measure the cutter forces 
of the disc cutters in the field due to the limitation of the testing system. Therefore, we cannot 
quantitatively compare the crack sizes induced by the button cutter and those induced by the 
disc cutter. In addition, it was also found that no large medium cracks could be seen in the 
samples taken from the side walls of both borehole 1 and borehole 2. And we did not find clear 
differences between the crack sizes of borehole l 's side wall made by disc cutters and those of 
borehole 2's side wall made by button cutters. 

3.6 Cracked zones around borehole 

According to the measurements of the crack length in the rock samples taken from the bottom 
and wall of the borehole, the cracked zones around the borehole can be approximately 
determined, which is shown in Fig. 18 and 19. Here a cracked zone is defined as the region 

Surface of borehole bottom or wall Crater Depth of densely cracked zone 

Fig. 18. Cracked zone and densely cracked zone. 

that covers all the cracks induced by cutter forces. The maximum depth of the cracked zone is 
equal to the length of the longest medium crack. Within the cracked zone, a densely cracked 
zone can be found near the surface of the bottom or wall of the borehole. In the densely 
cracked zone there are many short cracks. The maximum depth of the densely cracked zone is 
about 2.5-3 mm according to approximate measurements of the rock samples listed in Table 1. 
Correspondingly, the maximum depth of the cracked zone is 27.1 mm according to Table 1. 
Such a maximum depth is produced by a possible maximum normal force of 531 kN. However, 
we know that the maximum normal force of the front cutter in the first 7 minutes of boring in 
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Borehole 

casing 10 is 684 kN. Therefore, it is possible that in the last rotation of boring of casing 10 the 
maximum normal force of other front button cutters can reach 684 kN. I f so, the depth of the 
cracked zone in the bottom of the borehole should be larger than 27.1 mm. Assuming that C\ = 
0.1 in equation (15a), the maximum depth of the cracked zone near the bottom of the borehole 
may be estimated by using equation (15a) 
as FN = 684 kN. Thus we can obtain LM = 
53 mm. In addition, according to Table 1, 
assuming that 106 kN is or is close to the 
maximum normal force in the last rotation 
of boring of the gauge cutters, then we 
know that the relevant medium crack length 
is 7.86 mm from Table 1. Therefore, the 
possible maximum cracked zones around 
the borehole can be shown in Fig. 19: on 
the bottom, the maximum depth of the 
cracked zone would be 53 mm, while in the 
side wall the maximum depth of the 
cracked zone would be 7.86 mm. Here the 
angle between the medium cracks produced 
by gauge cutters such as cutter 18A and the 
surface of the borehole wall is considered 
to be approximately 90°. And it is 
considered that the medium cracks in the 
wall of the borehole are produced by the 
outermost gauge cutters. Fig. 19. Cracked zones around borehole. 

3.7 Thrust and boring rate 

In the field measurements, we recorded the thrust and torque of the machine and the rotation 
speed of the cutter head, and wrote down the average penetration rate of the machine during 
every 6 minutes of boring. The total thrust of the machine is supphed by four hydro-cylinders. 
Table 2 shows the recordings of the thrust 
and penetration rates from 6 casings. The 0  

rotation speed, corresponding to the data in 
Table 2, of the cutter head is approximately f 
10 rpm. The relationship between the thrust I o j 
and the penetration rate is drawn in Fig. 20. s 

Fig. 20 indicates that the penetration rate of 
the machine increases with an increasing 
thrust in the case of a constant rotation 
speed of the cutter head. This means that 
the penetration depth of the cutter buttons 
is directly proportional to the thrust. This 
might also mean that the cracks in rock 
produced by a cutter with a high normal 

2000 

Fig. 20. Relationship 
penetration rate. 

between thrust and 
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force should be longer than those produced by a cutter with a low normal force. 

Therefore, in order to increase the rock excavation speed, we should increase the thrust of the 
boring machine. However, from the viewpoint of nuclear waste management, the thrust of the 
machine should not be too high, so as not to produce longer cracks in the bottom and wall of a 
borehole. 

Table 2. Thrust and penetration rates of the machine 
Total thrust (kN) 1372 1568 1764 1960 

Penetration rate (cm/hour) 36 45 60.5 69 
Casing No. 4 10 5-7 8 

3.8 Actual loading rate of boring machine during boring 

It is defined that K[c is the fracture toughness of the rock at Äspö, Tc the critical time (the time 

from zero force to the peak of a normal force fluctuation), and k the loading rate. Here we 
assume that the crack starts to be unstable at the peak value of every normal force fluctuation. 
According to the measured results for the normal force in casing 10 shown in Fig. 12, the Tc in 
each force fluctuation can be approximately determined. The result indicates that as FN > 60 
kN, Tc is between 0.019 seconds and 0.2 seconds, i.e. Tc = 0.019 - 0.2 s. According to the 
definition in dynamic fracture mechanics we have: 

k = Klc/Tc (16) 

According to the measured results for the fracture toughness of gabbro (Paper A), Kjc = 3 - 60 
MPa m2. Here the maximum fracture toughness of gabbro was obtained in high-speed impact 
loading. Assuming that the fracture toughness of the two rocks at Äspö underground is within 
Ku = 3 - 60 MPa m2, then the actual maximum loading rate of the boring machine should be 

k~ 10 1- 103 MPa m'-s1 (17) 

This belongs to typical quasi-static loading. Under such a quasi-static loading condition, 
according to the study for Fangshan gabbro and Fangshan marble, the fracture toughness of the 

rocks is almost a constant (as the loading rate k < 104 MPa m 2 s'1) and it is much smaller than 
their dynamic toughness (Paper A). In addition, the energy utilisation is much higher in quasi-
static loading than in dynamic loading (Paper B). This shows that the loading rate of the boring 
machine is proper from the viewpoints of both rock fracture and energy utilisation. However, a 
big potential for increasing the boring speed of the machine still exists, because the loading 
rate of the machine could be increased to 104 MPa m 2 s'1 by increasing its rotation speed, etc., 
while the fracture toughness and energy utihsation are still kept small and high respectively. 
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4 Discussion 

4.1 Comparison of dynamic rock strength and dynamic fracture toughness 

As described above, the fracture toughness of Fangshan gabbro and Fangshan marble increases 

fast with increasing loading rates under dynamic loading (k > 104 MPa rri- s-'), see Fig. 1. 

This relationship can be described as Kjdx ka (here a is a constant). This means that the rocks 
under high-speed impact loading have a greater power of resistance to fracture than the rocks 
under static or quasi-static loading. 

On the other hand, it has been found that the dynamic rock compressive strength ocd and the 

strain rate £ have a similar relationship: (JcJ°^e 1 / m (Grady & Lipkin, 1980; Lankford, 1981; 

Grady & Kipp, 1987; Olsson, 1991). Here m is an integral figure, i.e. 1/m is a constant. This 
implies that dynamic rock strength and dynamic fracture toughness have a certain quantitative 
relationship with each other. 

4.2 Comparison with dynamic fracture toughness of metal materials 

Similarly to the results for rocks, the dynamic fracture toughness of some metal materials is 

also greater than their static fracture toughness. For example, the KM of a high-strength low-

alloy structural steel, with a nominal yield stress of 690 MPa and fractured at k =2 x 106 MPa 

m': s1, exceeds the static value KIC by about 50% (Cho et al, 1990). Particularly, the 

relationship between the fracture toughness of PMMA (polymethyl methacrylate) and the 

loading rate (k = 10"2 - 2.4 x 105 MPa m'/: s1) (Rittel & Maigre, 1996; Wada, 1992) is 
extremely close to the results for the rocks in Fig. 1. In addition, experimental results 
(Kobayashi et al, 1989) for Si 3 N 4 (Silicon nitride) and PSZ (partially stabihsed zirconia) show 
that the fracture toughness of both materials has approximately the same tendency to vary with 
the loading rate as the results for the rocks in Fig. 1. In addition to fracture toughness, the 
relationship between dynamic strength and strain rates for rock is similar to that for some 
ceramics (Lankford, 1981). We can infer that the above metal materials and rocks probably 
possess some common properties. This means that a study comparing the metal materials with 
rocks wil l be interesting and useful for investigating their fracture behaviour further. 

4.3 Fracture toughness and energy consumption 

On the one hand, according to the experimental results for dynamic rock fracture shown by 

log Ku = a log k + b (4a) 

log Wi-ai log k+bi (8d) 

we can obtain 

39 



{cKMf ={ClWL)& (18a) 

or 

Kld=c2W/> (18b) 

where c = 10b, cx = \0'h, c2 = c/aic~l. For gabbro in Case A (room temperature condition), a 

= 0.68, b = -2.68, ai = 0.94, bi = -5.09, and a/a} = 0.72 = 1/1.39. For gabbro in Case B (pre-
heat-treated condition), a = 0.78, b = -3.19, a7 = 0.97, bi = -5.12, and a/a, = 0.8 = 1/1.24. 
Equation (18b) shows that dynamic rock fracture toughness is mainly related to the total 
energy absorbed by the rock specimen in the process of rock fracture. In other words, no 
matter how the energy is partitioned, the fracture toughness mainly depends on the total energy 
absorbed by the rock specimen. 

On the other hand, according to linear elastic fracture mechanics, we have 

1 - V 2 2 
Glc = Klc for plain strain problems (19) 

E 

where G/c is the energy release rate in J/m2 as Kic is in MPa mA'. The energy used for forming 
the whole fracture surface of an SR rock specimen should be WG = 2SxG/c. Here 2S is the total 
macro-fracture surface area of the specimen. For the SR specimen related to this thesis, S -
(1/2)x30x29.6xl0 6 m2. Thus we have 

W 2 S ^ ) A ( 2 0 A ) 

E 
or 

K ] c = i ^ - w / i (20b) 

Assuming that equation (20) is valid for 
dynamic fracture, we can calculate WG 
according to the Kjc (which here also means 
dynamic fracture), E, and v of the gabbro in 
Case A. Then by means of WG and the 
measured WL, we obtain a relationship 
between WQ and WL- This is shown in Fig. 
21. In brief, the above result shows the 
following. (1) Regardless of static fracture 
or dynamic fracture, the fracture toughness 
of rock is related to the total energy 
absorbed by the specimen during fracture. 
Accordingly, we can directly calculate WL 
by using KIc or KJc/. (2) the Energy release 
rate Gic is correlated with the total energy 
absorbed by the specimen. Such energy 
includes WFD, WK and so on. (3) The quasi-
static method seems apt for the dynamic 
fracture that we studied. 
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Fig. 21. Energy WL and WG for gabbro in 
normal temperature condition. 
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4.4 Dynamic fracture mechanism of rock 

In the process of dynamic fracture of metal materials, an adiabatic region usually appears in a 
small region near the tip of the main crack, since the loading to the crack is so quick that the 
stresses and energy in the region are highly concentrated instantaneously (Kou, 1979). 
Meanwhile, the speed of the thermal conduction of a material is generally much smaller than 
the speed of the stress waves of the material. Therefore, the concentrated energy is hmited to 
the small adiabatic region and cannot be quickly transferred to the neighbouring area of the 
region in the form of heat. Because rock is not a good thermal conductor, such an adiabatic 
region is more easily formed in rock than in metal materials in the condition of dynamic 
fracture. 

In the adiabatic region, all the concentrated energy will notably exceed the energy used only 
for the extension of the main crack. Naturally, the surplus energy wil l mainly be used to 
produce more micro-cracks, rather than to make the main crack extend, and finally some of the 
micro-cracks form branching cracks. In other words, the adiabatic region is a main source for 
the crack branching or bifurcation. According to our experimental investigation of the dynamic 
fracture of Fangshan marble and Fangshan gabbro, which were either heat-treated or not heat-
treated before testing, the macro-crack branching mainly depended on the loading rate rather 
than on the conditions of the rocks during testing — heat-treated or not heat-treated. This 
means that the quantity of the micro-cracks in the rocks, particularly in the adiabatic region, 
does not noticeably influence the phenomenon of crack branching. We assume that this result 
is valid for the dynamic fracture of the two rocks in a high temperature environment. Thus, it 
can be concluded that, under all the three conditions for the rocks — heat-treated, at high 
temperature, and at room temperature — the crack branching mainly depends on the loading 
rates. To produce more branching cracks, more energy has to be supplied. Therefore, the 
greater the number of branching cracks, the greater is the fracture toughness of the rocks. 

On the basis of the discussion above, one can draw the conclusion that the dynamic fracture 
toughness of the rocks, irrespective of whether the rocks are heat-treated or not or at a high 
temperature in the fracture testing, mainly depends on the loading rates. Therefore, different 
conditions, such as a heat-treated or a non-heat-treated condition, affect their dynamic fracture 
toughness to a limited extent. 

The above discussion on the dynamic fracture mechanisms of rock is mainly based on two 
rocks — gabbro and marble. In order to explore fracture mechanisms deeply, further 
experimental investigations of other rocks are imperative, particularly on a micro-scale and 
using quantitative analysis. 

4.5 Utilisation of high temperatures in rock fragmentation 

Lindholm et al (1974) investigated the effects of both temperature and the strain rate on the 
compressive strength of Dresser Basalt, and their results showed that in the static loading 
condition (e.g. at a strain rate of 2.4xl0"1sec~1), the uniaxial compressive strength basically 
decreased with increasing temperature (27-527°C). However, in the dynamic loading condition 
(at a strain rate of about lxl0 3sec" 1), the strength underwent almost no change with increasing 
temperature. Their results also indicated that, in the condition of dynamic loading, the change 

41 



in temperature had less and less influence on the unconfined compressive strength of Dresser 
Basalt as the strain rate increased. Interestingly, this conclusion is consistent with the results 
for dynamic rock fracture shown in Fig. 1. 

According to experimental studies (Cheatham, 1968; Wai et al, 1982; Heuze, 1983; Inada and 
Yorkota, 1984; Alm et al, 1985; Kou, 1987; Wang, 1989; Hommand-Etienne and Houpert, 
1989; Lin, 1991; Duclos & Paquet, 1991; Zhang, 1994), high temperature usually reduces the 
static strength and static fracture toughness of most rocks. The higher the temperature is, the 
lower are the strengths and the fracture toughness. Therefore, i f one wants to break such rocks 
by static or low-speed loading, high temperature will be helpful for the breakage of the rocks. 
In other words, i f the rocks are accompanied by high temperature, high loading rates should be 
avoided in their fracture or breakage, because the fracture toughness and strengths of the rocks 
are higher at high loading rates than at low loading rates (Lindholm et al, 1974; Zhang and Yu, 
1993; Zhang et al, 1999). 

Furthermore, the experimental investigations in this study have shown that, for the rocks with 
or without high temperature, the energy utilisation in dynamic fracture is much less than that in 
static or low-speed loading. From the viewpoint of energy utilisation, therefore, the better 
method for rock fracture should be static loading rather than dynamic loading. 

The discussion above indicates that in engineering practices, such as rock drilling, mechanical 
rock excavation, and blasting, etc., it is better to break rock by using as low a loading rate as 
possible i f the rock drilling (excavation or fragmentation) speed is not greatly influenced, no 
matter whether a high temperature is avoidable or not. In order to confirm this, further 
quantitative analysis of the cracking/damage in rock and the energy partitioning in the process 
of dynamic rock fracture is necessary. 

4.6 Applications of loading rate effects on rock fracture 

Loading rates have a great impact on crack branching and micro-cracking in the vicinity of the 
fracture surfaces of a rock specimen. Therefore, rock excavation at lower loading rates is 
possibly a better choice from the viewpoint of stability and safety. In addition, an interesting 

phenomenon should be noted. In the specimens fractured at the loading rate k = 10 -10 2 MPa 
m/z s'1 there are layer cracks near the fracture surfaces. However, in the specimens fractured at 

k = 10~2 - 10° MPa m/: s1 there are no such cracks, even though the difference between the 
loading rates of the two cases is small. This indicates that the gabbro is sensitive to the loading 
rates, concerning the cracking damage of its sections. Therefore, even for mechanical 
excavation, some parameters (such as the impact speed in percussive drilling and the rotation 
speed in rotary boring) of a drilling or boring machine relevant to loading rates may be 
optimised by determining the effects of loading rates on the rock to be excavated. 

According to the experimental results above, the ratio Wi/WB for static gabbro fracture is much 
higher than that for dynamic gabbro fracture. In this investigation, the maximum value of 
WL/WB for dynamic gabbro fracture is only 14%. Similar results have been obtained in the 
experimental investigation of dynamic uniaxial compressive rock strength (Lundberg, 1976; 
L i , 1994); i.e. the ratio Wi/WB for the dynamic compressive failure of rock is always less than 
50%. The experiments show that most of the input energy is lost due to the reflected stress 
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wave and transmitted wave. Moreover, part of the energy WL is consumed in the form of the 
kinetic energy of the flying fragments. It is certain that, during dynamic fracture in the SHPB 
system, the energy WK is not used to fracture rock. Therefore, from the viewpoint of energy 
utilisation, the best way to fracture rock should be through static loading or low-speed loading 
rather than dynamic loading. 

Furthermore, from the viewpoint of the fracture toughness of rock, it is much easier to break 
rock in static loading or low-speed loading than in dynamic loading, because the static fracture 
toughness of rock is generally much less than its dynamic fracture toughness (Paper A). On the 
basis of the above two viewpoints, it can be concluded that, i f the speed of rock drilling 
(fragmentation, crushing, etc) is not markedly influenced and the energy loss due to the 
reflected stress waves, the transmitted waves and the flying of the fragments cannot be 
decreased to zero or utilised in rock fracture, the most efficient method for rock drilling, 
excavation, fragmentation, and crushing should be static loading or low-speed loading. A high-
pressure grinding roll machine used in the cement industry has indirectly proved the above-
inferred conclusion. In concrete terms, a high-pressure grinding roll machine has much higher 
energy efficiency than a traditional crushing/grinding machine such as a ball mill . For 
example, according to Brachthäuser and Kellerwessel (1988), the reduction of the energy 
consumption achieved through using a high-pressure grinding roll machine is in the range of 
50% compared with traditional crushing/grinding methods. One of the main reasons is that a 
high-pressure grinding roll machine crushes rock/ore through very low-speed loading, or static 
loading according to the definition in this paper. However, a ball mill destroys rock/ore mainly 
through the impact of balls, i.e. by dynamic loading. In order to apply the above studies to 
engineering operations, further specific investigation is needed. 

4.7 Relationship between normal forces and length of medium cracks 

As described above, the theoretical length of a medium crack produced by a hemispherical 
button is approximately a few times as long as the actual measured average length when the 
normal (or indentation) forces of the theoretical case and the field case are equal. The big 
difference is possibly caused by three factors, which is discussed above. Therefore, a further 
fundamental study on the relationship between a normal force or indentation force and the 
length of a medium crack (or other cracks) is necessary. Because the theoretical result shown 
in equations (11) or (14) was based on laboratory indentation tests that seldom considered rock 
confinement, the roughness of the rock surfaces indented, and the rock debris on the surfaces, 
the further fundamental and laboratory study should consider such factors. In addition, a series 
of field tests, including cutter force measurements and crack examinations, is also necessary so 
as to verify or modify relevant theoretical results. 

4.8 Comments on design of the boring machine 

The excavation at Äspö underground site shows that the boring machine design is related to 
the quahty of the borehole. For example, when the boring machine was equipped with all the 
disc cutters, the borehole wall was smooth. However, when the machine was equipped with 16 
button cutters and 4 disc cutters, the wall of the borehole was very rough and many grooves 
were produced. The major reason for the difference in the wall's quahty between the two cases 
is that the button cutters cause a large side force that is applied to the boring machine, see Fig. 
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22. This makes the machine move in the 
horizontal direction and against the wall of 
the borehole. Because there are many metal 
buttons on the surface of the drilling pipe (a 
stationary part of the machine), the metal 
buttons are pressed into the wall of the 
borehole by the side force. Thus, the 
grooves on the wall of the borehole are 
produced. 

The above description does not mean that 
any kind of button cutter wil l certainly 
cause a large side force on a boring 
machine. However, this depends on what 
kind of button cutter is used, and 
particularly on the button distribution. The 
button cutter shown in Fig. 22 definitely 
causes a large side force, because the 
distribution of the two-row buttons is not 
symmetric. Therefore, such a distribution 
of the buttons should be avoided in the 
design of the boring machine, so that the 
side force induced may be reduced to as 
small a value as possible. 

4.9 Potential development of full-face boring machine or TBM 

According to the penetration rates in Table 2 and the rotation speed of the boring machine, we 
can calculate that the maximum penetration per rotation of the cutter head is only 1.15 mm as 
the total thrust is 1960 kN. Accordingly, the average thrust of each cutter is 98 kN (there are a 
total of 20 cutters on the cutter head). This means that as each cutter makes one rotation on the 
bottom of the borehole, it can only remove a 1.15-mm-thick layer of rock on average. 
However, according to Table 1, as the normal force is in the range of 78-106 kN, the depth of 
the craters is in the range of 5.71-7.86 mm, and the length of the respective side cracks is 
10.71-18.57 mm. I f the design of the boring machine can make sure that each crater produced 
by each button is connected to the other craters, then all the craters can form a fragmented 
layer which should approximately reach the thickness of the crater depth. In other words, the 
bored depth of the machine per rotation should be in the range of 5.71 - 7.86 mm. On the basis 
of the above analysis, the penetration per rotation of the machine could be increased to at least 
5 times the current level, i.e. from 1.15 mm to 5.71 mm. To confirm this potential development, 
a deep investigation of mechanical boring through both theoretical and experimental studies is 
necessary. Moreover, a further improvement of the design of the boring machines and their 
cutters is also expected. 
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4.10 Suggestions for future studies 

A Relationship between rock strength and fracture toughness 

It has long been known that there is a quantitative relationship between different rock strength 
parameters. For example, experimental results (Jaeger and Cook, 1979) have shown that the 
uniaxial compressive strength of a given rock is usually 8-15 times as large as its uniaxial 
tensile strength. Furthermore, Jaeger and Cook (1979) described the relationship between 
uniaxial compressive strength and uniaxial tensile strength by means of the Griffith criteria. In 
addition, a quantitative relationship between the point load strength index and uniaxial 
compressive strength was proposed at an early stage by Broch and Franklin (1972). This 
relationship is frequently cited (Goodman (1989), and since then further studies on such a 
relationship have been performed by a number of authors, such as Chau and Wong (1996). 

In addition, it has been found that mode-I fracture toughness of rock and its uniaxial 
compressive strength (Whittaker et al, 1992), its uniaxial tensile strength (Whittaker et al, 
1992; Zhang et al, 1998), and its point load strength index (e.g. Bearman, 1999) are correlated 
with each other. 

It is possible that all these relationships are by no means a coincidence. This implies that there 
might be inherent relationships between rock strengths, and there might be a universal 
quantitative relationship between rock fracture toughness and rock strength. Therefore, it 
would be interesting and significant to study this problem in the future. 

B Dynamic fracture and energy partitioning in the process of rock fracture 

The determination of dynamic rock fracture toughness has been limited to the application of a 
quasi-static method up to now, as indicated in the thesis. When the loading rate is up to and 
over 106 MPa mzs~! or the inertia effects must be considered, methods for measuring dynamic 
rock fracture toughness and investigating micro-fracture behaviour are needed. Furthermore, a 
continuous study on energy partitioning in the rock fracture process is necessary. Particularly, 
it is worth performing a more accurate measurement of the kinetic energy of flying fragments 
and a quantitative investigation of the cracking and damage degree (such as the length of 
branching cracks and the total area or volume of the meso-/micro-cracks induced in the 
fracture process in a fractured rock specimen). On the basis of the above studies, it is suggested 
that the following two questions should be answered through future study. (1) Why is the 
energy utihsation ratio in dynamic fracture much lower than that in static fracture? (2) Can we 
increase the energy utihsation ratio in dynamic fracture? 

C Relationship between mechanical indentation forces and induced crack length 

As discussed in Section 3.5, there is a big difference between the theoretical length and the 
actual length of a medium crack at a certain indentation force. Three major reasons are 
proposed. Therefore, in order to improve the present theoretical relationship and make it more 
apt for practical applications, a series of new laboratory indentation tests is imperative which 
would consider rock confinement, contact conditions (such as the rock surface roughness, the 
amount of debris on the rock surface, etc), and the effect of loading rate. Moreover, relevant 
new theoretical studies and field measurements are needed for determining the indentation 
force (such as the cutter force) and the crack length in the rock. 
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5 Conclusions 

1 The experimental method for determining dynamic rock fracture toughness introduced in 
this paper is a feasible way of both measuring dynamic rock fracture toughness and 
studying the loading rate's effect on rock materials under the condition of not very high 

loading rates (&<10 6 MPa mA s'1). For other similar brittle materials this method should 
be also effective. 

2 For gabbro and marble, the relationships between the fracture toughness and the loading 

rate at the loading rates £=10" 2-10 6 MPa m 2 s1 are basically similar to each other, i.e. the 
static fracture toughness of the rock is approximately constant or changes little. However, 
the dynamic fracture toughness of the rock increases with an increasing loading rate. This 
means that the higher the loading rate is, the stronger is the resistance of the rock to 
dynamically loaded fracturing. In other words, rock has a stronger resistance to impact 
loads than to static ones. 

3 The fractal dimensions of the static fracture surfaces of gabbro were approximately 
constant. However, the fractal dimensions of the dynamic fracture surfaces increased with 
the loading rates. In addition, the fractal dimensions of the fracture surfaces of the gabbro 
increased with increasing fracture toughness. 

4 The energy WL absorbed by a specimen in static fracture is much less than that in dynamic 

fracture. The main reasons are that, in the process of dynamic fracture, both the macro-
crack branching and micro-cracking damage within rock specimens, which are much more 
serious than in static fracture, must consume extra energy. In addition, flying fragments 
appearing in dynamic fracture also consume another part of the energy WL in the form of 

kinetic energy. Such kinetic energy, however, is almost zero in static fracture. 
5 The value WI/WB in the case of dynamic fracture is much lower than that in the case of 

static fracture. In addition, the ratio decreases with an increase in the loading rate or the 
impact speed of the striker bar. This means that the energy utihsation decreases when the 
loading rate or the impact speed of the striker bar rises. Moreover, the kinetic energy WK 
of the fragments appearing in dynamic fracture is not negligible, particularly in the 
condition of high loading rates. The fracture and damage energy WFD is the chief part of 
the energy WL in dynamic fracture, even though there is other energy, such as WK-
However, when the loading rates increase markedly, the percentage of WFD in the energy 
WL wil l go down. 

6 The fracture toughness of Fangshan gabbro and Fangshan marble which are either in the 
heating state during the fracture test or pre-heat-treated previously is greater in the 
condition of dynamic (stress wave) loading than in static loading, and in dynamic loading 
the fracture toughness increases with increasing loading rates. This result is similar to that 
obtained in the room temperature environment. Under dynamic loading, the degree of 
temperature, high or low, influences the value of the fracture toughness of both the gabbro 
and the marble to a hmited extent. This result is different from that obtained in static 
fracture. In addition, the energy utilisation in dynamic fracture related to high temperature 
is much less than that in static fracture related to high temperature. 

7 The method of measuring the cutter forces in this study is feasible for the boring machine 
used at Äspö, and it should be valid for other TBM machines too. In addition, the force 
coupling phenomenon is not negligible in the measurements of the cutter forces according 
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to this study. Particularly, for the button cutters used in this study the coupling 
phenomenon must be considered. 

8 The cutter forces of the front cutter are much larger than those of the gauge cutter. In 
addition, the maximum normal force peaks, tangential force peaks, and side force peaks of 
the front cutter are much larger than the respective average force peaks. This is 
unreasonable from the viewpoint of rock boring. Moreover, as the rotation speed of the 
boring machine is kept constant, the penetration rate of the boring machine increases with 
the thrust of the machine. On the one hand, in order to increase the boring or excavation 
speed, the thrust of the boring machine should be as high as possible i f the cracks induced 
by boring do not have markedly negative influences on the borehole or tunnel quality. On 
the other hand, to avoid long medium cracks in the bottom or wall of a borehole, the thrust 
of the boring machine should be kept at a proper value. In other words, too high a thrust 
should be avoided i f one wants to reduce the crack length or the cracking zone 
surrounding the borehole. 

9 The loading rate of the boring machine is within quasi-static loading. Such a loading rate 
is proper for rock fracture and fragmentation. However, this loading rate could be greatly 
increased to a high value such as 104 MPa ni'2 s1. I f this were to be done, the boring speed 
of the machine would be highly improved. In addition, the design of the button cutters of 
the boring machine used in this study is unreasonable. The asymmetrical distribution of 
the buttons in the cutters induces a side force. Such a side force from each cutter easily 
gives rise to a large side force applied to the boring machine. This is harmful to both the 
boring machine and the quality of the borehole, because the large side force causes the the 
boring machine to shake. 

10 The theoretical length of a medium crack is always longer than the actual length measured 
in the field by a few times under a certain normal force. The big difference is caused by 
some major factors, such as the rock confinement, the roughness of the rock surfaces 
indented, and the rock debris on the surfaces. Therefore, a future study should consider 
such factors. 

11 The method of measuring the cutter temperature in situ is feasible for other similar boring 
machines. The in-situ measurements show that the cutter temperature is directly 
proportional to the boring time i f the rotation speed of the boring machine is kept constant. 
In addition, the thrust of the machine almost does not affect the cutter temperature. 
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Abstract 

By means of a wedge loading applied to a short-rod rock fracture specimen tested with the MTS 810 or SHPB (split 
Hopkinson pressure bar), the fracture toughness of Fangshan gabbro and Fangshan marble was measured over a wide range of 
loading rates, fc = 10~2-106 MPa m 1 / 2 s _ 1. In order to determine the dynamic fracture toughness of the rock as exactly as 
possible, the dynamic Moiré method and strain-gauge method were used in determining the critical time of dynamic fracture. 
The testing results indicated that the critical time was generally shorter than the transmitted wave peak time, and the differences 
between the two times had a weak increasing tendency with loading rates. The experimental results for rock fracture showed 
that the static fracture toughness Klc of the rock was nearly a constant, but the dynamic fracture toughness Km of the rock 
{k > 104 MPa m 1 / 2 s"1) increased with the loading rate, i.e. log(Ä'Id) = a \ogk +b. Macroobservations for fractured rock 
specimens indicated that, in the section (which was perpendicular to the fracture surface) of a specimen loaded by a dynamic 
load, there was clear crack branching or bifurcation, and the higher the loading rate was, the more branching cracks occurred. 
Furthermore, at very high loading rates (k > 106 MPa m 1 / 2 s _ 1) the rock specimen was broken into several fragments rather 
than only two halves. However, for a statically fractured specimen there was hardly any crack branching. Finally, some 
applications of this investigation in engineering practice are discussed. © 1999 Elsevier Science Ltd. All rights reserved. 

1. Introduction 

In drilling, blasting, earthquakes, landslides, rock 
bursts, oil-well fracturing and defence engineering 
involving nuclear blasting, rocks are fractured at 
widely varied loading rates. Therefore, it is of great 
importance to investigate the effect of the loading rate 
on rock fragmentation. 

Since the early studies of Rinehart [1], it has been 
known that the dynamic strength of rock can exceed 
the static strength by as much as one order of magni
tude. This observation has been substantiated by later 
studies and has attained fairly wide acceptance [2]. A 
substantial body of experimental data exists in which 
loading rates comparable to impulsive rock breakage 
applications have been simulated. Dynamic laboratory 
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measurements using compressive [3-12], torsion [13] 
and tension [14,15] Hopkinson bar techniques have 
identified rate-sensitive rock breakage. Plate-impact-
induced spall in rock has also been studied [16-19]. 
Rock destruction through magnetic stress loading 
methods has also been performed [20]. So far, how
ever, most of the research concerning the effect of the 
loading rate on rock destruction has been basically 
limited to the influences of the loading rate on rock 
strengths, especially uniaxial compressive strength. The 
previous work has played an important role in rock 
mechanics development and some engineering appli
cations, but we find that rock strength is a vague par
ameter. Particularly, it is difficult to define the strength 
of rock under dynamic loading, since the rock is often 
broken into many fragments and even crushed into 
powder, and the sizes of the fragments depend on the 
loading rate. To understand the effect of the loading 
rate on rock fragmentation, it is imperative to relate 
both the sizes of the fragments and the fragmentation 
energy to the loading rate. However, this is difficult 
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Nomenclature 

COD crack-open-displacement; ^Id dynamic fracture toughness; 

CÖD speed of crack-open-displacement; tc time interval f rom the start of loading 

ISRM International Society for Rock to the point when the critical state of 

Mechanics; the crack is achieved; 

SHPB split Hopkinson pressure bar; t m 
time for the peak value of the load in 

SR short rod specimen; static fracture or of the strain in the 

D specimen diameter; transmitted wave; 

E Young's modulus; V Poisson's ratio; 

Fc 
critical tensile load; v0 

impact speed of the striker bar in 

Pc critical compressive load; dynamic fracture; 

static fracture toughness; k loading rate, k = Kicftc or k =Kid/tc. 

work because it is hardly realisable to determine the 
number and sizes of the fragmentation products (such 
as fragments, powder, etc.) and the energy consump
tion (such as fracture energy, the kinetic energy of the 
fragments, damage energy, etc.) in the process of the 
rock fragmentation. 

I t is a well-known fact that all forms of rock break
age are caused by the extension of one or more cracks. 
Therefore, i t is of significance to focus one's study on 
the investigation of the loading rate's influence on 
rock fracture toughness, which is in fact a problem of 
single crack extension. This can form an important 
basis for the problem of multicrack extension. Costin 
[21], Wu [22] and Bazant et al. [23] measured the frac
ture toughness of oil-shale, marble, granite and lime
stone using three-point bending specimens and fast 
loading material testing machines. Their results indi
cated that the fracture toughness of the four rocks 
slightly increased with the loading rates k < 104 MPa 
m 1 / 2 s _ 1 . Tang and X u [24], making use of a bar 
impact testing machine, determined the dynamic frac
ture toughness of a marble with a three-point bending 
specimen, and found that the dynamic fracture tough
ness of the marble was higher than the static fracture 
toughness of the rock. However, they did not obtain a 
quantitative relationship between the fracture tough
ness and the loading rate due to the limitation of the 
testing conditions. 

In recent years, Zhang et al. [25-27], using a short-
rod specimen, measured the static and dynamic frac
ture toughness of marble and gabbro, and established 
a relationship between fracture toughness and loading 
rate over a wide range, fc = 1 0 - 2 - 1 0 6 MPa m 1 / 2 s _ 1 . 
However, there are still some gaps to be filled. (1) The 
accurate determination of critical time in the process 
of dynamic rock fracture requires a more exact exper
imental method. (2) The values of rock fracture tough
ness at the loading rates k = 10 2-10 4 MPa m 1 / 2 s - 1 are 
lacking. (3) The study of mesofracture or microfrac

ture has been rather limited. (4) Fracture energy analy
sis is seldom dealt with. 

This investigation is an extension of the previous 
work performed by Zhang et al. [25-27]. The investi
gation consists of three parts, (a) A macro-experimen
tal study of loading rate effects on rock fracture, (b) a 
meso-experimental study of loading rate effects on 
rock fracture and (c) a study of energy partitioning in 
the process of dynamic rock fracture. This paper only 
discusses the first part. 

3. Experimental methods 

3.1. Rock specimens 

The tested rocks are Fangshan gabbro and 
Fangshan marble. A l l specimens of each rock were 
drilled from one large block. The mineralogical com
position of the two rocks is given in Table 1. 

The type of rock specimen used for measuring the 
fracture toughness of the rock employed in this study 
is the short rod (SR) specimen, which was proposed as 
a method for determining the fracture toughness of 

Table 1 

Mineralogical composition (MC) and maximum grain size (MGS) of 

gabbro and marble 

Rock M C % MGS (mm) 

Gabbro plagioclase 48-52 1.9 

pyroxene 35-38 1.4 

olivine 5-7 0.6 

hornblende 5 1.1 

Biotite 3 0.4 

magnetite 1 0.4 

Marble Calcite 93-96 1.0 

magnesia olivine 3-5 0.4 

magnetite 1 0.3 
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rock by ISRM in 1988 [28]. The SR specimen has a 
notch cut parallel to the core axis. A tensile load is 
applied to the specimen to pull apart the notch sides 
(see Fig. 1(a)). This causes crack growth in the liga
ment of the notched section during the test. The SR 
specimen was first proposed by Barker [29], then the 
SR specimen for rock was revised several times by 
Ouchterlony [30-31]. In the specimen, the ligament of 
the notched section has the form of a V or chevron. 
This shape generates a relatively long period of stable 
crack growth under an increasing load. In this way a 
sharp natural crack is automatically formed in the spe
cimen and the crack resistance of the material should 
become fully developed with the initial crack growth. 
In addition, the SR specimen is made from a core spe
cimen because rock is readily available in the form of 
core pieces that then require little machining. 

Employing the SR specimen made it possible to 
measure the static and the dynamic fracture toughness 
of rock using one kind of rock specimen. In this con
text, the experiment performed at the loading rates 
k < 104 MPa m 1 / 2 s _ 1 with an MTS testing machine is 
defined as static fracture, and Kic stands for static frac
ture toughness. The experiment carried out at k > 104 

MPa m 1 / 2 s - 1 with the SHPB is considered as dynamic 
fracture, and Ku stands for dynamic fracture tough
ness. In order to apply dynamic loading to an SR spe
cimen, the specimen was amended by Zhang et al. [25-
27], see Fig. 1(b). A special loading wedge was 
designed to load the specimen so that it could be used 
in both static and dynamic fracture tests. Two semi
circle steel slices were firmly bonded on the specimen. 

Table 2 

SR specimen dimensions of the methods suggested by ISRM 

a 1 = W 

D/2 

wedge 

(a) (b) 

Fig. 1. Short rod specimen, (a) the SR specimen of the method 

suggested by ISRM, (b) the SR specimen and the wedge used in this 

investigation, a, = maximum depth of chevron flanks and B = crack 

front length. 

Geometrical parameter Value Tolerance 

Specimen diameter D > 10 x grain size 

Specimen length, W 1.45 D ± 0.02 D 

Subtended chevron angle, 6 54.6° + 1.0= 

Chevron V tip position, aa 0.48 D ± 0.02 D 

Chevron length, a\-a0 0.97 D + 0.02 D 

Notch width, t < 0.03 D or 1 m m a 

a Whichever is greater. 

A V-shaped notch with the angle ß = 42° was formed 
in the middle of the slices so that the wedge acted on 
the notch. Using steel slices had two reasons. (1) A V-
shaped notch could be exactly cut and (2) the frictional 
coefficient between the wedge and the slices could be 
easily determined. Application of the wedge with the 
angle a = 46° enabled the compressive force P to be 
applied, whereas the crack tip mainly remained loaded 
in tension. The specimens in this study were machined 
according to the requirement of the suggested 
methods, and the specimen dimensions are shown in 
Table 2 [28]. In this study we chose the specimen di
ameter D = 30 mm. 

3.2. Method of measuring static rock fracture toughness 

I f the compressive force that is parallel to the axial 
direction of the specimen does not affect the fracture 
toughness of the specimen, the fracture toughness of 
an SR rock specimen, in the condition of a wedge 
loading, can be determined by the suggested method. 
In other words, the fracture toughness Klc may be cal
culated in terms of the following formulae Eq. (1) [28] 
and Eq. (2) [32] 

^ l c = 24CVFC/D 1/2 

Fc = Pc/(2tg(a/2 + tg-]u)) 

(1) 

(2) 

where Pc is the critical compressive force acting on the 
wedge, FQ the critical tensile load on the specimen, a 
the top angle of the wedge, \i the coefficient of friction 
between the wedge and two steel slices (here ^ = 0.15) 
and C k a correction factor. According to the suggested 
methods 

Ck = 1 - 0.6AW/D + l.4Aa0/D - 0.01 Ad (3) 

The symbols AW, Aa0 and Ad denote the difference 
between the practical value and the standard one, for 
example, AW/D= WjD - 1.45, etc. With the critical 
load Fc in k N and the specimen diameter D in cm, the 
fracture toughness Kic will be in MPa m 1 / 2 . In static 



600 Z.X. Zhang et al. I International Journal of Rock Mechanics and Mining Sciences 36 (1999) 597-611 

tests the wedge was loaded with the compressive force 
P, which was directly exerted through the wedge by 
the testing machine. The test was performed with the 
MTS 810 according to level I testing of the suggested 
SR method [28]. 

However, a previous study has shown that the frac
ture toughness of an SR specimen is influenced by 
both the geometry of the specimen and the axial press
ure [33,34]. According to Ref. [33] and Eq. (3) above, 
i f the crack length 'a' and the specimen length 'W are 
increased by 3 mm, which is equal to the thickness of 
the steel slice glued to the SR specimens in this study, 
Ck will be equal to 1.1. Thus the fracture toughness 
will be increased by 10%. Here it is assumed that Eq. 
(3) is valid. In addition, the experimental results in 
Ref. [34] showed that axial pressure would contribute 
an increase in the fracture toughness of rock when 
using an SR specimen. For Indiana limestone, such an 
increase was up to 30%, but for Westerly granite it 
was much smaller. Obviously, the influence of the axial 
pressure on the fracture toughness varies for different 
rock. Therefore, it is necessary to estimate the total 
contribution of both the specimen geometry and the 
axial pressure to the fracture toughness directly by ex
periments. In this study eight SR specimens were used 
to do such experiments. The experiments were per
formed on an MTS 810 with the loading rates 
k = 1 0 ~ 2 - 1 0 - 1 MPa m 1 / 2 s~'. Four specimens with 
steel slices were loaded by a wedge, i.e. subjected to 
axial loading, and the length of the specimens is 44 + 3 
mm. The other four without steel slices were loaded by 
direct tension, i.e. without axial pressure, and their 
length is 44 mm. The fracture toughness of all eight 
specimens was calculated by Eq. (1), and the relevant 
factor Ck in the equation for all the specimens was 
taken as 1. The test result, see Table 3, shows that the 
average Klc of the four specimens with steel slices is 
1.21 times as great as that of the other four specimens. 
Thus, we can conclude that both the thickness of the 
steel slice and axial pressure due to the wedge have a 
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Fig. 2. SHPB with its measuring system. (1) gas gun; (2) striker bar; 

(3) input bar; (4) output bar; (5) specimen; (6) strain gauge; (7) 

wedge; (8) steel slice; (9) device for measuring speed; (10) strain 

amplifier; (11) transient memory; (12) computer; (13) support; (14) 

energy absorber. 

marked effect on the values of fracture toughness, and 
such an effect cannot be ignored. Moreover, this effect 
can be estimated by the experimental result above. 
That is to say, the fracture toughness of an SR speci
men with wedge loading may be calculated by the fol
lowing formula 

(4) 

Here the manufacturing errors for the specimen are 
neglected. 

3.3. Method of measuring dynamic rock fracture 
toughness 

Dynamic fracture experiments were performed on 
the SHPB with the measuring system shown in Fig. 2. 
Once the gun is loaded to a prescribed pressure, the 
striker bar in the bore is launched. The speed of the 

Table 3 

Fracture toughness of gabbro specimens loaded by two different loading methods 

No. Loading Length of specimen (mm) k (MPa m 1 ' 2 s~') K ! c (MPa m , / 2 ) 

C01 wedge 44 + 3 1.90 x 10"' 3.43 
C02 wedge 44 + 3 1.69 x 10"' 3.05 

C03 wedge 44 + 3 1.78 x 10 _ 1 3.20 

C04 wedge 44 + 3 1.66 x 10"' 3.33 
Average 44 + 3 1.76 x 10 _ 1 3.25 

B3 tensile 44 8.42 x 10" 2 2.61 
B4 tensile 44 9.39 x IO"""2 2.91 
B5 tensile 44 8.78 x 10~2 2.63 

B6 tensile 44 8.62 x IO" 2 2.59 
Average 44 8.80 x 1 0 - 2 2.69 
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striker bar is measured by the device numbered 9. The 
impact of the striker bar develops a longitudinal com
pressive wave. The wave propagates down into the 
bar-specimen system. The wedge is tightly connected 
with the end of the input bar by a screw, and the spe
cimen is sandwiched between the wedge and the output 
bar. In the absence of a specimen the distance between 
the wedge and the output bar is adjusted to be slightly 
shorter than the length of the specimen. In this way a 
small axial compressive force due to gravity keeps the 
specimen fixed between the wedge and the output bar. 
In order to obtain a clear signal for the faint trans
mitted wave, two semiconductor strain gauges are 
glued to the output bar diametrically opposite to each 
other. Two other resistant strain gauges are glued to 
the input bar so that the incident and the reflected 
wave can be recorded. On the rock specimen two 
pieces of optical grating or two strain gauges are 
installed to determine the critical time of dynamic frac
ture. The strain gauges pick up the wave signals on the 
bars and/or on the specimen. The signals are then 
stored in a transient memory and processed by a com
puter as shown in Fig. 2. 

In this investigation at the loading rates k = 10 4 -
1 x 106 MPa m 1 / 2 s _ 1 , the critical time determined by 
experiment was within 25-100 us. (Only a few speci
mens were fractured at k > 1 x 106 MPa m 1 / 2 s"1, and 
their critical times were shorter than 25 [is.). 
According to the analysis in the following part, such 
dynamic fracture can be treated as a quasi-static frac
ture problem. Thus the critical compressive force Pc 

acting on the wedge is determined by the following 
formula 

P,(tc) = EAst(tc), (5) 

where tc is the critical time when the crack is just not 
stable, s t(t) the strain of the transmitted wave 
measured on the output bar, E and A are the Young's 
modulus and the cross-section area of the bar, respect
ively. Assuming the effects of both the axial pressure 
and the thickness of the steel slices on the fracture 
toughness are independent on the loading rate, the 
dynamic fracture toughness Kid can then be calculated 
by Eqs. (4) and (2). In this case Klc in Eq. (4) needs to 
be replaced for Kld. The key to obtaining the value of 
Pc is to determine the critical time tc. 

3.4. Prerequisite conditions for quasi-static fracture 

Because the striker bar in this study is about eight 
times as long as the specimen, the duration of the inci
dent stress wave can ensure that the wave is trans
mitted and reflected several times on the interfaces 
between the specimen and the wave conduction bars. 

I f the stress wave propagates back and forth several 
times before the main crack of the specimen reaches its 
critical state, such a dynamic fracture problem can be 
treated as quasi-static. According to L u et al. [35], 
when a cylindrical rock specimen was sandwiched 
between the input bar and the output bar in an SHPB 
system, and i f the stress wave propagated back and 
forth one, two and three times through the specimen, 
the differences in the forces at the two ends of the spe
cimen were 11.4, 2.5 and 0.5%, respectively. Based on 
their study, i f the critical time zc ^ 50 us the stress 
wave can go back and forth at least two times through 
the SR specimen (given that the longitudinal stress 
wave speed of the rocks is about 4000 m/s) in this 
study, and then the equilibrium condition at both ends 
of the specimen will be well satisfied. I f 25 
us < tc < 50 us, the stress wave can go back and forth 
at least one time through the specimen and then the 
equilibrium condition can be approximately met. In 
addition, according to Ouchterlony [33], for an SR 
specimen, the crack extension speed ac at the critical 
time can be estimated by the following formula 

CÖD C = 17 .1Ks R / (£>/2>)äc , (6) 

where COD c is the speed of the crack-open-displace
ment (COD) at the critical time, KSR the fracture 
toughness of an SR specimen. In this study, when 
k < 3.2 x 105 MPa m 1 / 2 s _ 1 , the test results showed 
that COD c < 4.0 m/s and ATS R «S 8.0 MPa m 1 / 2 . Let 
E = 80 GPa and D = 30 mm, then we obtain a c = 410 
m/s. This speed is much lower than that of the longi
tudinal stress wave of the gabbro, which is about 
3500-4000 m/s. Therefore, such dynamic fracture can 
be considered as a quasi-static fracture problem. Based 
on this analysis, it can be concluded that when 
k < 1.0 x 106 MPa m 1 / 2 s"1 or tc ^ 25 us, the dynamic 
fracture toughness of an SR rock specimen can be 
determined by the quasi-static method introduced 
above. 

3.5. Determination of critical time in dynamic rock 
fracture 

Determination of the critical time plays an import
ant role in the study of dynamic fracture. In the 
dynamic rock fracture experiment using an SR speci
men, Zhang et al. [26] approximately determined the 
critical time by means of two strain gauges glued to 
the specimen. In their study the time corresponding to 
the maximum strain amplitude measured by the gauges 
on the specimen was defined as the critical time tQ. A 
detailed description of their method can be seen in 
Ref. [26]. Following their work, Yu and Zhang [36] 
introduced a better method — the dynamic Moiré 
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method [37] — to measure the critical time of dynamic 
rock fracture, and they measured the critical times of 
several SR specimens at the loading rate k K IO 4 MPa 
m 1 / 2 s _ I . However, at higher loading rates, k>\04 

MPa m 1/2 no test results were obtained by the 
Moiré method or other better techniques. In this inves
tigation, the previous work in Ref. [36] is extended 
further. 

The testing diagram of dynamic Moiré method is 
shown in Fig. 3. Two optical gratings are glued to 
each side of the specimen separated by the main crack 
plane. The centres of both gratings are situated on the 
same section of the tip of the premachined crack. 
During dynamic fracture, the crack-open-displacement 
(COD) increases with time. As soon as the crack 
approaches the critical state, the speed of the crack-
open-displacement, COD, reaches an extreme value. 
This moment is considered as the critical time tc, 

which can be determined by the curve of the COD 
with time obtained by experimental results and shown 
in Fig. 4(c). Fig. 4(a-c) shows the experimental results 
for gabbro specimen gg09 in Table 4. Fig. 4(a) presents 
the signal recorded from the two optical gratings on 
the specimen. The parameter V, voltage, in the figure 
means the magnitude of the signal. Obviously, the sig
nal changes periodically. According to the operating 
principles of the optical gratings, one period of the sig
nal stands for a constant displacement in which the 
two gratings move relatively to each other. Here the 
total displacement in Fig. 4(a) represents the COD. 
Based on the measurements shown in Fig. 4(a), we can 
obtain the data of the COD with time, i.e. Fig. 4(b). 
Similarly, we can derive the COD with time f rom Fig. 
4(b), i.e. we can obtain Fig. 4(c). The values of the 
critical time tc measured by the dynamic Moiré 
method for specimen numbers gg01-ggl3 are listed in 
Table 4. In the table, t m for a static fracture specimen 
and a low-speed dynamic fracture specimen with num
ber 'gpxx' was taken as tc when the corresponding 

fracture toughness was calculated. 

Fig. 3. Testing diagram of the dynamic Moiré. (1) rock specimen; (2) 

optical gratings; (3) He-Ne laser; (4) optical conductive fibre; (5) 

photo-multiplier; (6) transient recorder; (7) high-voltage power. 

(c) 
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Fig. 4. Testing results obtained using optical gratings on one speci

men, (a) recorded signals of optical gratings; (b) crack-open-displace

ment (COD) with time; (c) COD with time. 
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Table 4 

Testing results for the fracture toughness of gabbro. KfA is the fracture toughness calculated by using t. 

Sp. No. v0 (m /s) k (MPa m 1 / 2 s _ 1 ) fc C M S ) Ku or KM (MPa m " 2 ) 'm (US) ( K Z - K M ) / K U (%) Fracture results 

COl 1.0 x IO" 5 1.57 x 10"' _ 2.831 18 x 106 _ N 
C02 1.0 x 10~ 5 1.40 x 10"' - 2.519 18 x 106 - N 
C03 1.0 x 10~ 5 1.47 x 10" ! - 2.644 18 x 106 - N 
C04 1.0 x 10~5 1.38 x 10"' - 2.753 20 x 106 - N 
No.50 5.0 x I O " 3 7.90 x 101 - 3.632 46 x 103 - N 
No.49 5.0 x I O - 3 7.41 x 10' - 3.707 50 x IO 3 _ N 
No.46 1.0 x 10~2 1.09 x 102 - 3.283 30 x 103 _ N 
No.41 1.0 x IO" 2 1.16 x 102 - 3.236 28 x 103 - N 
No.42 1.0 x 10~ 2 1.32 x 102 - 3.419 26 x IO 3 - N 
No.43 2.5 x 10" 2 3.98 x 102 - 2.386 6 x 103 _ N 
No.47 2.5 x IO" 2 2.69 x 102 - 2.691 10 x 103 _ N 
gpOl - 2.82 x 104 - 3.003 106.5 - N 
gp02 - 2.24 x 104 - 2.276 101.5 - N 
gp03 - 2.16 x 104 - 2.374 110.0 - N 
gp04 - 2.42 x 104 - 2.362 97.5 - N 
gplO - 2.24 x 104 - 2.288 102.0 - N 
gpl2 - 3.20 x 104 - 2.750 86.0 - N 

gpl5 - 7.95 x 104 3.738 47.0 - N 
gpI6 - 2.26 x IO 4 - 2.437 108.0 - N 
ggOl 3.476 6.82 x 104 58 3.955 60 - N 
gg02 3.821 8.09 x 104 41 3.317 42 5.8 N 
gg03 4.083 6.56 x 104 50 3.279 52 9.0 N 
gg04 4.525 8.45 x 104 39 3.295 44 6.1 N 
gg05 4.581 1.34 x 10 s 40 5.350 41 4.6 N 
gg06 4.671 1.43 x 10 s 40 5,738 39 5.7 N 
gg07 5.768 8.73 x 104 37 3.230 36 6.6 N 
gg08 5.938 1.44 x 105 32 4.617 34 6.5 N 
gg09 6.187 1.10 x 105 49 5.399 53 3.3 N 
gglO 6.409 7.09 x 104 40 2.836 40 0 N 

g g l l 6.471 1.27 x 105 42 5.346 41 5.9 N 
ggl2 6.843 2.35 x 105 28 6.577 27 7.3 N 
ggl3 8.551 8.16 x IO 4 40 3.262 44 4.2 N 
No.02 - 4.34 x 10 s 26 11.282 28 2.3 N 
No.03 - 1.09 x 106 28 30.512 30 0.8 N 
No.04 10.67 4.99 x IO 5 36 17.949 38 1.4 N 
No.07 10.19 1.79 x 10s 52 9.333 56 2.7 N 
No.10 11.18 3.85 x 10 s 32 12.307 38 9.4 N 
No. 11 8.36 4.49 x IO 5 35 15.705 36 1.2 N 
No. 12 4.61 1.56 x IO5 42 6.531 42 0 N 
No.13 5.6 1.46 x 105 54 7.880 58 8.1 N 
No. 14 4.78 1.50 x 105 60 9.010 64 4.0 N 
No. 16 6.4 2.30 x 105 54 12.441 58 6.3 N 
No. 18 4.91 2.56 x IO5 34 8.704 34 0 N 
No. 19 4.47 1.78 x IO 5 42 7.470 42 0 N 
No.21 4.86 2.60 x 10 s 36 9.366 36 0 N 
No.22 - 2.42 x 10s 36 8.698 36 0 N 
No.23 13.84 8.77 x 105 23 20.176 24 19.6 N 
No.24 15.4 7.11 x 105 27 19.202 28 8.7 N 
No.25 16.92 8.74 x IO5 25 21.855 26 18.2 F 
No.26 13.49 5.90 x 10s 30 17.702 32 3.3 N 
No.27 7.72 3.11 x 105 40 12.433 44 8.2 N 
No.28 5.8 1.48 x 105 44 6.516 52 7.6 N 
No.29 7.09 2.14 x 105 34 7.284 64 5.2 N 
No.30 5.23 1.39 x 105 42 5.833 46 5.5 N 
No.31 5.45 1.88 x 10s 37 6.965 42 0.6 N 
No.32 - 2.80 x 105 32 8.957 34 1.0 N 
No.33 5.58 2.44 x 105 33 8.057 38 4.8 N 
No.34 17.18 1.60 x IO6 24 38.492 28 5.7 N 
No.35 20.0 1.04 x 106 26 26.977 30 14.5 N 
No.36 21.66 1.37 x IO 6 24 32.983 26 3.3 F 
No.37 24.22 9.67 x 105 25 24.179 26 10.0 F 
No.38 24.6 1.94 x IO 6 22 42.784 24 2.4 F 
No.39 23.6 1.88 x IO6 22 41.414 24 0 F 
No.40 25.4 1.64 x IO 6 22 36.053 24 17.4 F 
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Table 5 

Testing results for the fracture toughness of marble 

Sp. No. v 0 (m/s) k (MPa m " 2 s - ' ) tm (US) Klc or K]d (MPa m 1 / 2 ) Fracture result 

mOl 1.0 x 1 0 ' 4 5.49 x IO" 1 2.0 x 106 1.099 N 

m02 1.0 x 10" 4 4.57 x I O - 1 3.0 x 106 1.372 N 

m03 1.0 x IO" 4 9.41 x 1 0 _ ! 1.8 x IO 6 1.694 N 

m04 1.0 x I O " 3 3.26 3.7 x 10 s 1.207 N 

m05 1.0 x I O - 3 3.06 4.0 x 105 1.223 N 

m06 1.0 x IO" 3 3.54 3.2 x 10 s 1.132 N 

m08 3.0 x 10" 3 4.42 2.17 x 105 0.959 N 

m09 1.0 x 10" 5 7.55 x 10" 2 1.5 x 107 1.132 N 

mlO 1.0 x IO" 5 7.55 x 1 0 - 2 1.5 x 107 1.132 N 

m i l 1.0 x 10" 6 6.90 x IO" 3 1.65 x 10 s 1.132 N 

mI2 1.0 x I O - 6 6.40 x IO" 3 2.0 x 108 1.273 N 

m l 3 1.0 x IO" 6 1.03 x 1 0 - 2 1.3 x IO 8 1.339 N 

m l 4 1.0 x IO" 4 6.99 x 10"' 2.2 x IO 6 1.537 N 

m l 5 1.0 x IO" 4 9.81 x 10"' 1.5 x 106 1.471 N 

m l 6 1.0 x 10~2 5.57 x 10' 1.9 x IO 4 1.058 N 

ml7 1.0 x IO" 2 6.84 x 10' 2.2 x IO 4 1.504 N 

ml8 2.5 x IO" 2 1.52 x 102 6.0 x IO 3 0.909 N 

m l 9 5.0 x 10~3 3.04 x IO1 3.8 x 10" 1.157 N 

m20 12.5 1.82 x 106 22 39.959 F 

m21 12.5 1.69 x IO 6 23 38.835 F 

m22 12.5 1.87 x 106 21 39.355 F 

m23 9.0 1.12 x IO 6 24 26.926 F 

m24 9.0 6.47 x 105 25 16.182 N 

m25 9.0 2.16 x 105 38 8.223 N 

m26 9.0 1.29 x 105 39 5.025 N 

m27 8.1 1.87 x 105 41 7.678 N 

m28 10.0 1.25 x 106 23 28.669 F 

m29 7.1 2.77 x 105 29 8.041 N 

4. Testing results 

4.1. Fracture toughness 

The values of the fracture toughness of the two 
rocks are given in Tables 4 and 5. In the tables ' N ' 
means that a specimen was separated into two equal 
parts from the main crack surface and 'F ' denotes that 
a specimen was broken into three or more fragments. 
Specimens C01-C04 and No.41-No.50 were tested on 
the MTS 810. Specimens gp01-gpl6 were tested on the 
SHPB with slow impact. The tc values of gg01-ggl3 
and No.02-No.40 in Table 4 were determined by the 
dynamic Moiré method and the strain gauge method, 
respectively. However, the tc values of m01-m29 were 
not directly determined by the above experiments due 
to the limitation of the test equipment at that time, so 
the fracture toughness in Table 5 was calculated by 
using r m rather than tc. Therefore, in most cases the 
fracture toughness in the table is probably greater than 
the true value for a marble specimen, which will be 
discussed later. The diameters of both the input bar 
and the output bar in all of the dynamic fracture ex
periments were the same, i.e. 30 mm, but the diameter 
of the striker bar was varied. In the experiments for 

specimens No.02-No.40, the diameter of the striker 
bar was 23 mm. However, in the experiments for speci
mens gg01-ggl3 and gp01-gpl6 the diameter of the 
striker bar was 30 mm. Dynamic rock strength exper
iments with various forms of striker bars showed that 
striker bars with the same impact speed but different 
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Fig. 6. Photos of fractured rock specimens. 

diameters would induce different loading rates in speci
mens [12]. 

According to the results in Tables 4 and 5, the re
lationships between the fracture toughness of each 
rock and the loading rate are presented in Fig. 5. This 
figure shows that the fracture toughness of the two 
rocks does not change much within the loading rate 
range k = 1 0 - 2 - 1 0 4 MPa m I / 2 s _ 1 , but that it increases 
with an increasing loading rate under impact loading, 
i.e. k > 104 MPa m 1 ' 2 s _ 1 . This result indicates that it 
is much easier to fracture the rocks by static loading 
than by dynamic loading, and that under dynamic 

loading, the higher the loading rate, the more difficult 
it is to break rock. 

4.2. Fragmentation of rock specimens 

In the process of fracture all of the specimens in sta
tic loading and most of the specimens under impact 
loading were separated into two equal parts along the 
direction of their main cracks. However, when the 
loading rate k is very high, for example close to or 
more than 1 x 106 MPa m ' / 2 s~\ rock specimens are 
often broken into three or more fragments. I t can be 
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Fig. 7. Photos of the sections of some fractured specimens. COl: 

k = 1.57 x 10" 1 MPa m " 2 s - ' , £ I c = 2.831 MPa m " 2 ; No.24: 

A: = 7 . 1 1 x l 0 5 MPa m , / 2 s~\ A : I d = 19.202 MPa m " 2 ; No.35: 

k = 1.04 x 106 MPa m " 2 s _ l , K I d = 26.977 MPa m l / 2 . 

confirmed that such specimens were separated into two 
parts by their main cracks and then broken into sev
eral fragments by some secondary cracks (branching 
or bifurcation). This can be explained by the fact that 
their original fractured surfaces were planes, see 
No.25, No.36 and No.37 in Fig. 6. This means that 
part of the energy absorbed by a specimen under high
speed loading was used to form more fragments. In 
addition, it was observed that during dynamic fracture 
the fractured specimens (fragments) usually flew away 
at different speeds, and the higher the loading rate, the 
greater the speed of the fragments. That is to say, 
under dynamic loading part of the energy was con
sumed in imparting kinetic energy to the flying frag
ments. 

In order to examine the characteristics of rock frac
ture at different loading rates further, some rock speci
mens were cut after the impact test through the 
specimen axis along a plane perpendicular to the frac
ture surface. The cut plane is called the section of a 
fracture surface. The section photos of several speci
mens are shown in Fig. 7. These photos were taken 

with a standard camera. The differences between the 
specimen sections from the static and dynamic tests 
are significant. There are clear branching macrocracks 
(or bifurcation) in the sections of most dynamic speci
mens, but no such branching cracks in the sections of 
the static specimens. 

To perform a detailed investigation of the fracture 
characteristics of the specimens fractured at different 
loading rates, the sections of some specimens were 
examined by means of an optical microscope. The in
vestigation with the optical microscope indicated that 
there was clear damage near the fracture surfaces of 
both the static and the dynamic specimens. 
Particularly, in the area within 2-5 mm away f rom the 
main crack tip, the damage was severe for every speci
men regardless of static or dynamic loading. However, 
the damage degree in this area is different between the 
static specimens and the dynamic specimens. The 
damage is more severe for the dynamic specimens, and 
it appears that the higher the loading rate is, the wider 
or longer is the branching crack. The section photos of 
three specimens are shown in Fig. 8. The photos (a-c), 
(d - f ) and (g-i) show the areas within 2-5 mm away 
f rom the main crack tip for specimens COl (static), 
No.07 (dynamic) and No.35 (dynamic), respectively. I t 
can be concluded that the damage (including bifur
cation) degree of a specimen is closely connected with 
its loading rate. 

5. Discussion 

5 .7 . Static and dynamic fracture characteristics of rocks 

As described above, the fracture toughness of rock 
tested at low loading rates (static or slow impact load
ing) did not change much. However, there are two 
unusual changes in the fracture toughness of gabbro in 
Fig. 5. One is that, at the loading rate k x 102 MPa 
m 1 / 2 s~', Klc increases at first, and then decreases with 
k. The other is that at k x 104 MPa m 1 / 2 s - 1 , firstly 
Kid is small, then it increases with the loading rate, see 
Fig. 9 (the data from Fig. 5). This is an interesting 
phenomenon, even though the change in the fracture 
toughness is very small. There are also some changes 
in the fracture toughness of marble in static loading in 
Fig. 9, but its changes are not clear like gabbro's due 
to the lack of fracture toughness data within 
k x 10 2 -10 5 MPa m 1 / 2 s"1. 

The above results indicate that the fracture tough
ness of gabbro is possibly at its minimum from static 
loading to low dynamic loading. This means that there 
is probably a range of the loading rate within which 
the rock can be easily broken. In addition, it should be 
pointed out that the changes in the fracture toughness 
of the rock within the above low loading rates are 
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slightly different from the changes in rock compressive 
strength within the same loading rates [8-11]. The 
rock compressive strength at the above loading rates 
usually increases slightly with an increasing loading 
rate and does not have a minimum strength. 

Moreover, the fracture toughness of the two rocks 
increases fast with the loading rate under dynamic 

loading, especially when k > 105 MPa m 1 / 2 s _ 1 , see 
Fig. 10. This relation can be described as Kidozk , 
here c is a constant. In other words, when k > 105 

MPa m 1 / 2 s~', the fracture toughness of both gabbro 
and marble increases markedly with an increasing 
loading rate. This means that rock materials under 
high-speed impact loading have a greater power of re-
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= 0.68 log(/c 1-2.68; marble: log(.K I d) = 0.76 log(A;)-3.19. 

sistance to fracture than under static or slow impact 
loading. I t can be found that the effect of the loading 
rate on rock fracture toughness when k > 105 MPa m 1 ' 
2 s - 1 is similar to that on rock strength in stress wave 
loading. 

5.2. Comparison with the results of some metal 
materials 

Similar to the results for rocks, the dynamic fracture 
toughness of some metal materials is also greater than 
their static fracture toughness. For example, the Kld of 
a high-strength low-alloy structural steel, with a nom
inal yield stress of 690 MPa and fractured at 
k =2 x 106 MPa m 1 / 2 s - i , exceeds the static value Klc 

by about 50% [38]. Particularly, the relationship 
between the fracture toughness of P M M A (polymethyl 
methacrylate) and the loading rate (k = 10 _ 2 -2 .4 x 105 

MPa m 1 ' 2 s _ 1 ) [39,40] is extremely close to the results 
for the rocks in Fig. 5. In addition, experimental 
results [41] for S i 3 N 4 (silicon nitride) and PSZ (par
tially stabilised zirconia) show that the fracture tough
ness of both materials has approximately the same 
tendency to vary with the loading rate as the results of 
the rocks in Fig. 5. We can infer that some common 
properties probably exist between the above metal ma
terials and the rocks. 

A previous study has indicated that some materials 
show an increase in fracture toughness at high loading 
rates, whereas others exhibit a decrease in fracture 
toughness [42]. For example, the dynamic fracture 
toughness of the aluminium alloy PA6 [32], T i alloys 
[43] and grey cast iron [44] is much smaller than their 
static values K\c. 

According to experimental results for the dynamic 
fracture toughness of some materials, machined into 
compact tension specimens [32,43] or SR specimens 

[25-27], tested by SHPB and loaded by a similar 
wedge, the relationship between the fracture toughness 
and loading rate varies for different materials. For 
example, Klepaczko's experiment, with SHPB as well 
as other static testing machines and a compact tension 
specimen, indicated that the dynamic fracture tough
ness of the aluminium alloy PA6 at Æ = 1.15 x 106 

MPa m 1 ' 2 s - 1 was 21-36% lower than the static frac
ture toughness of PA6 at the loading rate k = 1.0 MPa 
m 1 s _ 1 [32]. With a specimen and testing equipment 
similar to Klepaczko's, Tian and Duan [43] measured 
the fracture toughness of Ti alloys, and their results 
were also similar to Klepaczko's. In other words, the 
dynamic fracture toughness of Ti alloys at 
k K 1.0 x 106 MPa m 1 / 2 s _ 1 was much lower than the 
static fracture toughness of the alloys at the loading 
rate fc = 1.0x 102 MPa m I / 2 s~l. For gabbro and 
marble in this study, however, the result in Fig. 5 is 
different from that for PA6 and Ti alloys at similar 
loading rates, Æ = 10 _ 2 -10 6 MPa m 1 / 2 s - 1 , although 
the experimental methods are quite similar to each 
other. From the above comparison the authors con
sider that the experimental method for measuring 
dynamic rock fracture toughness in this investigation 
is reliable. However, we should point out that this 
method is only effective when the loading rate is not 
too high, i.e. when the fracture process can be treated 
as quasi-static. 

5.3. On the determination of dynamic fracture toughness 
at high loading rates 

At very high loading rates, such as k > 1 x 106 MPa 
m 1 / 2 s - 1 or tc > 25 us, dynamic fracture is in fact not a 
quasi-static problem according to the above-mentioned 
analysis. Consequently the determination of dynamic 
rock fracture toughness at very high loading rates 
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ought to be studied further on the basis of both 
dynamic fracture theory and dynamic experimental 
technique. Therefore, when k > 1 x 106 MPa m 1 / 2 s"1 

or tc < 25 us, the Kld values of the rocks in this paper 
are probably different f rom the true toughness values 
to a certain extent due to poor equilibrium conditions 
during rock fracturing. Furthermore, the determi
nation of the critical time in dynamic rock fracture, es
pecially at very high loading rates, should be 
improved, because the data of tc obtained at k >\05 

MPa m 1 ' 2 s - 1 by the dynamic Moiré method in this 
paper are not sufficient. Moreover, f rom Table 4 we 
find that the transmitted wave peak time t m for a spe
cimen is usually greater than the critical time tQ, and 
the difference between them gives rise to a disparity 
between Kld and K f d , which is determined by using tm, 
see Table 4. From the table, we can see that in most 
cases K f d is greater than Kld. The difference in (Äjä-
Kld)/Kld for a specimen at A: = 10 5 -10 6 MPa m 1 / 2 s _ 1 

varies from 0 to 19.6%. Thus, i f the type of rock has 
no effect on the difference, it can be considered that 
the values of Kld in Table 5 for the marble are greater 
than their true toughness values by 0-19.6% due to 
using tm rather than tc in the calculation of A^ I d. 
Finally, the transverse waves or bending waves in an 
SR specimen are more or less related to the critical 
force Fc during dynamic fracture. This was not con
sidered in this study, but it needs to be studied in the 
future. 

5.4. Some problems to be studied further 

1. The experimental results available concerning both 
dynamic compressive strength and dynamic fracture 
toughness, including the data in this paper, indicate 
that there possibly exists some relationship between 
compressive strength and fracture toughness for 
rock material. This is an interesting problem which 
needs to be investigated further. 

2. Why is the dynamic fracture toughness of rock 
greater than its static value? To answer this question 
satisfactorily, further investigation is necessary. 
However, one of the possible reasons is that under 
dynamic fracture macrocrack bifurcation and flying 
fragments are produced, which does not occur in 
static fracture. These must consume extra energy. A 
more detailed discussion based on both meso-exper-
iments and energy analysis will be published in sep
arate papers [45,46]. 

3. Although the relationship between the fracture 
toughness of rock and the loading rate has been 
ascertained one cannot yet be certain that rock frag
mentation or crushing by static loading is more effi
cient than by impact loading, since the final result 
of fragmentation or crushing must depend on the 
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total energy consumption in production. To solve 
this problem further study is needed. However, it 
can be confirmed that rock has a stronger resistance 
to impact loads than to static loads. 

6. Conclusions 

1. The experimental method for determining dynamic 
rock fracture toughness introduced in this paper is a 
feasible way of both measuring dynamic rock frac
ture toughness and studying the loading rate effect 
on rock materials under the condition of not very 
high loading rates (k < 106 MPa m 1 / 2 s"1). For 
other similar brittle materials this method should be 
also effective. 

2. For gabbro and marble, both relationships of frac
ture toughness and loading rate at the loading rates 
/t = 10~ 2 -10 6 MPa m 1 / 2 s _ 1 are basically similar to 
each other, i.e. the static fracture toughness of rock 
is approximately constant or changes little. 
However, the dynamic fracture toughness of rock 
increases with an increasing loading rate. This 
means that the higher the loading rate is, the stron
ger is the resistance of rock to dynamically loaded 
fracturing. In other words, rock has a stronger re
sistance to impact loads than to static ones. 

3. Crack bifurcation or branching is a common 
phenomenon in dynamic rock fracture, and it 
increases with increasing loading rates. This indi
cates that during the dynamic fracturing of rock, 
some energy is certainly consumed to form bifur
cation or branching. This is one of the reasons why 
the dynamic fracture toughness of rock is greater 
than the static one. 
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Abstract 

By means of the Scanning Electron Microscope (SEM), an examination was performed of the fracture surfaces (including 
their vertical sections) of both Fangshan gabbro and Fangshan marble specimens fractured at the loading rates k = 10~2~106 

MPa m 1 / 2 s - 1 . The results showed that one or more branching cracks near the fracture surfaces of dynamic rock specimens were 
clear and the cracks increased with increasing loading rates. However, such branching cracks were rarely seen near the static 
fracture surfaces. In addition, with the aid of the Split Hopkinson Pressure Bar (SHPB) testing system and a high-speed framing 
camera, the energy partitioning in the dynamic fracture process of a short rod (SR) rock specimen was analysed quantitatively. 
The total energy WL absorbed by an SR specimen in the dynamic fracture process mainly consisted of the fracture and damage 
energy WFD and the kinetic energy of flying fragments. The energies WL and WK could be quantitatively calculated through 
stress wave measurement and high-speed photography in the SHPB testing system. Thus, the fracture and damage energy W¥T) 

could be obtained. The results showed that: (1) the energy WK increased with an increase in the impact speed of the striker bar 
or the loading rate; (2) the energy WFD for dynamic rock fracture was markedly greater than that for static rock fracture, and 
the W F D increased with an increase in the impact speed of the striker bar or the loading rate; and (3) the value WJtVB (WB is 
the energy input into the loading system) in the case of dynamic fracture is much lower than that in the case of static fracture. 
In addition, the ratio decreases with an increase in the loading rate or the impact speed of the striker bar. This means that the 
energy utilisation decreases when the loading rate or the impact speed of the striker bar rises. Finally, some application 
problems are discussed in the paper. © 2000 Elsevier Science Ltd. All rights reserved. 

1. Introduction 

Substantial studies of the effects of loading rates or 
strain rates on rock strength have been performed for 
a few decades [1]. In addition, the influences of loading 
rates on rock fracture toughness have also been inves
tigated during the past 20 years [2-9]. However, the 
performance of adequate theoretical studies and practi
cal applications requires that the investigation of the 
loading rate's effects on rock breakage should not only 
be limited to macro-investigations that the previous 

•Corresponding author. Tel.: +46-920-91442; fax: + 46-920-

91935. 

E-mail address: zhang.zongxian@ce.luth.se (Z.X. Zhang). 

studies mainly concerned. Therefore, it is necessary to 
study static and dynamic rock fracture on a micro-
scale. However, previous work on the micro-fracture 
of rock has mainly been limited to the static fracture 
of rock, and the experimental examinations have been 
concentrated on the fracture surfaces of rock samples 
[10]. 

Moreover, in current percussive drilling, blasting, 
crushing, and grinding, the effective energy used in 
rock breakage is found to be quite small in compari
son with the total input energy. For example, in rock 
cutting and drilling it is estimated that only 10% of 
the input energy is used to fracture rock, while most of 
the input energy is wasted as heat or other forms of 
energy [11]. In blasting, the energy used in rock frac
ture and fragmentation varies f rom 5% to 15% [12]. 

1365-1609/00/$ - see front matter © 2000 Elsevier Science Ltd . A l l rights reserved. 
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Nomenclature 

K j c static fracture toughness in mode I ; rock 
fracture at the loading rates k < 104 MPa 
m 1 / 2 s _ 1 is defined as static fracture 

K\d dynamic fracture toughness in mode I ; rock 
fracture at the loading rates k > 104 MPa m 1 / 2 

s _ 1 is defined as dynamic fracture 
tc time interval f rom the start of loading to the 

point when the critical state of a crack is 
achieved 

k loading rate, k — Kic/tc or k — Ku/tc 

v 0 impact speed of the striker bar in dynamic 
fracture 

WB kinetic energy of the striker bar or the 
energy input into the loading system 

Wi energy of the incident stress wave 
WR energy of the reflected stress wave 
WT energy of the transmitted stress wave 
WL energy absorbed by a rock specimen 
WfD fracture and damage energy of a rock speci

men 

WK kinetic energy of flying fragments 

Acronyms 

ISRM International Society for Rock Mechanics 
SEM Scanning Electron Microscope 
SHPB Split Hopkinson Pressure Bar 
SR Short Rod specimen 

As for the energy utilisation in comminution, including 
crushing and grinding, according to Prasher [13] the 
energy utilisation in grinding is of the order of 3% at 
the maximum. Chi et al. [14] have pointed out that, in 
fact, the energy introduced into comminution systems 
that actually results in the formation of a new fracture 
surface is usually less than 1%. In short, the energy 
utilisation in the above-mentioned rock destruction op
erations is very low. In order to either increase the 
energy efficiency in traditional rock destruction oper
ations or look for new rock fragmentation methods 
with higher energy efficiency, it is imperative to quanti
tatively investigate energy partitioning in dynamic rock 
fragmentation. 

Hakalehto [15], Wu [16], Lundberg [17], and L i [18] 
have studied the energy consumption for unconfined 
rock specimens that are in compression at room tem
peratures and are subjected to stress wave loading. 
These investigations, however, have mainly focused on 
the study of the energy absorbed by a rock specimen 
during the process of fragmentation and have been 
limited to macro-experimental investigations of rock 
breakage. 

The energy absorbed by a specimen in dynamic frag
mentation consists, in fact, of several parts, such as 
the surface energy consumed in the formation of frag
ments and the kinetic energy of fragments. In addition, 
it has been found that there is much inner cracking or 
damage in the fragments, such as branching cracks 
near the fracture surface and micro-cracks within the 
fragments produced under dynamic loading [1,19]. On 
the basis of the previous investigations, it can be 
inferred that both the branching cracks near the frac
ture surfaces and the micro-cracks within the frag
ments must consume a certain part of the input 
energy. Therefore, the energy absorbed by' the speci
men can be divided into three main parts: the surface 

energy, the kinetic energy, and the energy spent in pro
ducing inner cracking damage of the fragments. 

Up to now, various experimental observations of 
dynamic rock fragmentation have indicated that most 
fragments fly at a certain speed, which increases with 
increasing loading rates [1,6-8,17,18]. This means that 
in rock fracture and fragmentation the kinetic energy 
of the fragments should be considered and quantitat
ively determined by experimental methods. 

This paper continues the research reported in refer
ence [1]. A t first the present investigation examines the 
micro-fracture characteristics of SR rock specimens 
fractured at various loading rates. The research is 
mainly focused on a qualitative investigation on the 
fracture characteristics of the section of a sample. 
Then the investigation examines the energy partition
ing due to stress wave loading in the fracture process 
of an SR rock specimen suggested by ISRM [20]. 

2. Experimental methods 

2.1. Fracture tests 

The rocks in this paper are the same gabbro and 
marble as in Ref. [1]. The indirect tensile strengths (as 
determined by the Brazilian test) of the gabbro and 
the marble are 17.3 and 7.1 MPa, respectively. 

A l l experiments were performed with a number of 
rock specimens fractured within a wide range of load
ing rates covering static and dynamic loading. The spe
cimens with 30 mm diameter and 44 mm length are 
similar to an SR specimen suggested by ISRM [20]. In 
other words, two semi-circular steel slices were firmly 
bonded on the SR specimen so that a special wedge 
could be loaded on the slices (see Fig. 1). A V-shaped 

: notch with the angle ß = 42° was formed in the middle 
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A 

a,=W 

D/2 

wedge 

(a) (b) 

Fig. 1. Short rod specimen, (a) the SR specimen of the method 

suggested by I S R M ; (b) the SR specimen and wedge used in this in

vestigation. a\= maximum depth of chevron flanks, B = crack front 

length. 

of the two slices. Application of the wedge with the 
angle a — 46° enabled the compressive force P to be 
applied, whereas the crack tip remained mainly loaded 
in tension. In the condition of low loading rates, the 
fracture testing was performed on a material testing 
machine called the MTS 810, and such fracture is 
defined as static fracture. In this case the MTS 810 
applied a compressive loading to the specimen together 
with the wedge. K\c stands for static fracture toughness 
in mode I and the relevant loading rate is k < 104 

MPa m 1 / 2 $~\ 
In the condition of high loading rates, the fracture 

testing was done with an SHPB system and such frac
ture is called dynamic fracture. Kid stands for dynamic 
fracture toughness in mode I and the relevant loading 
rate is k>l04 MPa m 1 / 2 s _ 1 . In the experimental sys
tem for dynamic fracture shown in Fig. 2, the input 

8 

TT i-U. 
14 

12 

Fig. 2. Experimental set-up. 1, gas gun; 2, striker bar; 3, input bar; 

4, output bar; 5, specimen; 6, strain gauge; 7, wedge; 8, steel slice; 9, 

device for measuring speed; 10, strain amplifier; 11, transient mem

ory; 12, computer; 13, high-speed camera; 14, support. 

bar and output bar were 1600 mm and 1400 mm long, 
respectively, and both of the bars were 30 mm in di
ameter. The wedge was tightly connected with the end 
of the input bar by a screw. The specimen was sand
wiched between the wedge and the end of the output 
bar. A n approximately rectangular stress pulse was 
generated in the input bar through the impact of a 
cylindrical striker bar, which was accelerated by a 
compressed air gun. The diameter and the length of 
the striker bar were 30 mm (or 23 mm) and 355 mm 
(or 400 mm), respectively. There was a device for 
measuring the impact speed, and the device was placed 
near the front end of the input bar so as to check the 
stress wave measurement. 

In the specimen the incident stress pulse (<7T) was 
partly reflected (<rR) and partly transmitted (ax)- The 
specimen was generally separated into two parts by the 
main crack surface, except in the condition of very 
high-speed loading. For example, when the impact 
speed of the striker bar was over 20 m/s, the specimen 
was disintegrated into more than two fragments (see 
Fig. 3). The speed v0 of the striker bar and the loading 
rate k for the specimens in Fig. 3 are listed in Table 1. 

In the middle of the input bar a pair of electric re
sistance strain gauges were fixed at diametrically oppo
site positions in order to cancel the effect of any 
bending waves. Similarly, two semiconductor strain 
gauges were fixed on the output bar at a distance of 
500 mm from the specimen, so that the faint trans
mitted wave could be recorded. The outputs of the 
two pairs of strain gauges were amplified by a strain 
amplifier and fed to the inputs of a six-channel transi
ent memory TCL, and then to a computer. The 
sampling frequency was 1/us, and the recording time 
was 4096 us in each channel. The detailed static and 
dynamic experimental methods are described in Ref. 

[1]. 

No. 18 

Fig. 3. Fractured gabbro specimens. 
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Table 1 

Impact speed, v0, of the striker bar and k for the fractured gabbro 

specimens 

Specimen number v0 (m/s) k (MPa m 1 / : s"') 

C04 1.0 x 10~ 5 1.38 x 10"' 

No. 07 10.2 1.79 x 10 s 

No. 11 8.4 4.49 x 105 

No. 13 5.6 1.46 x 105 

No. 14 4.8 1.50 x 10s 

No. 18 4.9 2.56 x 10s 

No. 19 4.5 1.78 x 105 

No. 24 15.4 7.11 x 10 s 

No. 25 16.9 8.74 x 105 

No. 36 21.7 1.37 x 106 

No. 37 24.2 9.67 x 105 

No. 39 23.6 1.88 x 106 

No. 40 25.4 1.64 x 106 

A high-speed framing camera was used to record the 
fracture process of some specimens in the dynamic 
fracture tests, and mainly to take a set of photos show
ing the motion of the specimen or its fragments. The 
framing speed was 350 times per second, i.e. the inter
val of two neighbouring photos was 2.857 ms. Some of 
the photos for two tests are shown in Fig. 4. 

Altogether 27 tests were performed and evaluated 
for the energy analysis, 22 with gabbro and five with 
marble. In 12 of the tests high-speed photography was 
used. 

2.2. Specimen preparation for micro-fracture 
examination 

A l l of the specimens for micro-fracture examin
ations were those investigated in Ref. [1], i.e. after 

^ ^ ^ ^ notch tip 
f ? ^ ^ ^ 

A 

1 
7 

fracture surface 

\ A A 

notch tip 

(b) 

Fig. 5. Fracture surface (a) and its vertical section (b) o f a short rod 

specimen. 

static or dynamic fracture testing, the specimens 
were preserved to do the micro-experiments. Most 
of the rock specimens were Fangshan gabbro, and 
the others Fangshan marble. As soon as a specimen 
was fractured, the fragments produced (usually two 
halves) were carefully preserved from new damage 
on the fracture surfaces of the fragments. Such 
fragments were directly used for SEM experiments. 

To examine the vertical section of a specimen, the 
fracture surface of one of its fragments must be pro
tected f rom mechanical damage induced by later 
machining. Firstly, a small Bakelite plate was firmly 
bonded on the fracture surface of the fragment. Sec
ondly, the fragment was cut along its axis through the 
notch tip. The section of the fragment was perpendicu
lar to its fracture surface. Finally, the section was 
abraded flatly and polished (see Fig. 5). In order to 
perform SEM experiments, the polished section was 
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sprayed with carbon. Before the carbon spraying, the 
section surface was cleaned with alcohol. 

3. Characteristics of fracture surfaces 

The characteristics of the fracture surfaces were 
examined by means of an SEM S-250MK3. The obser
vations showed the following: 

1. There were mainly two types of cracks: (i) micro-
cracks such as intercrystalline cracks (IE, cracking 
on the boundaries of the neighbouring crystals) and 
intracrystalline cracks (IA, cracking within a crys
tal); (ii) macro-cracks. Here we call the macro-
cracks secondary cracks (SC) (see Fig. 7). A second
ary crack seen on a fracture surface is called a 
branching crack appearing on the cross section of 
the fracture surface in the following description. 

2. A n intercrystalline crack was the principal cracking 
form in the fracture surface of a statically fractured 
specimen, and the other damage forms, such as 
intracrystalline cracks, appeared to be fewer than 
the former. For example, on the fracture surfaces of 

Fig. 6. SEM photos of the fracture surfaces for marble under static lc 

Most of fracture surfaces have clear intercrystalline cracking. m09 (C, 
intercrystalline surface which was amplified. 

specimen m09 and m i l , fractured under static load
ing and shown in Fig. 6, many crystalline bound
aries are very clear. 

3. I t appeared that intracrystalline cracking was the 
chief cracking form in the fracture surface of a spe
cimen fractured by dynamic loading, even though 
there were some intercrystalline cracks simul
taneously. See Fig. 7 and (D)- ( I ) in Fig. 8. 

4. A few secondary cracks, like the one shown in 
Fig. 7C, were seen on the fracture surfaces of a 
dynamically fractured specimen, but no such sec
ondary cracks were found on a static fracture sur
face. This observation indicates that a secondary 
crack is a typical feature of dynamic rock fracture. 
This phenomenon will be discussed later. 

5. I t looked that the roughness of a fracture surface 
was strengthened with increasing loading rates (see 
Fig. 8). It should be pointed out that photos (A-C) , 
(D-F) , and (G-I ) in Fig. 8 were taken at approxi
mately the same distances from the notch tips of 
specimen COl, No. 07, and No. 35, respectively. 
Moreover, the distance f rom the notch tip of each 
specimen increases from (A) to (C) or (D) to (F) or 

ing. m i l (A, B): k = 6.90 x 10~ 3 MPa m " 2 s - 1 , Kk = 1.132 MPa m l / 2 . 

) k = 7.55 x 10 ~ 2 MPa m " 2 s"\ Klc = 1.132 MPa m , / 2 . Photo (D) is an 
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(G) to (I). For example, (A), (D) and (G) are near 
the notch tips of COl, No. 07 and No. 35, respect
ively. Similarly, (B), (E), (H) and (C), (F), (I) are 
roughly at the middle of and near the end of the 
specimens, respectively. This examination shows 
that the loading rates influence the cracking forms 
of the fracture surfaces of the rock to a certain 
extent. 

4. Branching of the main crack 

In order to examine the mechanisms and character
istics of rock fracture further, it is necessary to investi
gate the characteristics of cracking on the cross-section 
of a specimen. In this investigation cracking inside 
rock specimens were examined by using SEM. The 
SEM photos of the sections of the fractured surfaces 
of some specimens are shown in Figs. 9a-e and lOa-c. 
The photos in Fig. 9a-e and Fig. lOa-c have different 
magnifications. From this investigation we can con
clude the following points: 

1. The branching crack on the sections of the speci
mens is connected with the loading rates, i.e. 
branching cracks are rarely found on the sections of 
the specimens fractured by static loading. For 
example, almost no branching crack can be found 
on the sections of specimens COl and C04. How
ever, one or more branching cracks can be clearly 
seen on the sections of the specimens fractured 
under dynamic loading. Moreover, the higher the 
loading rate is, the clearer is the branching crack. 

2. When the loading rate was up to l O ' - l O 2 MPa m 1 / 2 

s _ 1 , a different form of branching crack, which 
usually started f rom and stopped at the fracture sur
face, often occurred. Here we call such a crack, a 
'layer crack', so that we distinguish it f rom a gen
eral branching crack in the following description. 
Some layer cracks can be seen in the photos of spe
cimens No. 50 and No. 47 in Fig. 9b. 

3. The angle between a branching crack and the frac
tured surface, which is less than or equal to 90°, 
also increases with the loading rates (see No. 12, 
No. 23, No. 24, and No. 35 in Fig. 9c-e). 

Fig. 7. SEM photos of the fracture surfaces for marble under dynamic loading. m20 (A): k = 1.82 x 106 MPa m 1 / 2 s"1, Ku = 39.959 MPa m 1 / 2 . 

There are typical intercrystalline cracks. m25 (B): k = 2.16 x 10s MPa m 1 / 2 s _ 1 , Ku = 8.223 MPa m I / 2 . There are typical intercrystalline cracks. 

m24 (C): A: = 6.47 x 105 MPa m " 2 s~\ KM = 16.182 MPa m 1 / 2 . There is a typical secondary crack. m23 (D): k= 1.12 x 106 MPa m 1 / 2 s - 1 , 

KM = 26.926 MPa m " 2 . This is a typical intracrystalline crack surface. 
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1. The kinetic energy of the striker bar I t has been found that the dynamic rock fracture 
toughness is related to the branching cracks. In ad
dition, it appears that the total length of the branching 
cracks increases with the loading rates. 

5. Energy partitioning in dynamic rock fracture 

According to the experimental system shown in 
Fig. 2, the following energy forms can be defined: 

WB = Mvl/2 

751 

(1) 

where M and v0 are the mass and the speed of the 
striker bar, respectively. 

2. The energy of the incident stress wave 

Wl = (AbCb/Eb) cf dt (2) 

where Ab, Cb and £ b are the cross-section area, 

8. SEM photos of the fracture surfaces for gabbro under static and dynamic loading. COl (A-C) : k = 1.57 x 10"' MPa m " 2 s ', 

2.831 MPa m " 2 . A is intercrystalline (IE) cracking; B and C are mixed cracking of IE and intracrystalline ( I A ) cracking. No. 07 (D-F) : 
Fig. 

k = 1.79 x 10s MPa m " 2 s" 

k = 1.04 x 106 M P a m l / 2 s -

, Ku = 9.333 MPa m " ' 

Ku = 26.977 MPa m " 2 

. D and E are mainly I A cracking; F is a mixed cracking of IE and I A . No. 35 (G- I ) : 

The major cracking form in G and I is IA cracking. 
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sonic velocity, and Young's modulus of the input 
bar, respectively, and o\ the amplitude of the inci
dent stress wave. 

3. The energy of the reflected stress wave 

WR = (AbCb/Eb) (3) 

The energy was reflected f rom the interface between 
the specimen and the wedge (or the end of the out
put bar), and <rR was the amplitude of the reflected 
stress wave. 

4. The energy of the transmitted stress wave 

Wj = {AbCbx/Ebt) O " t d r (4) 

where C b t and Ebx are the sonic velocity and 
Young's modulus of the output bar, respectively, 
and <?j the amplitude of the transmitted stress wave. 

Assuming that the energy lost at the interface between 
the wedge and the steel slices and the interface between 
the specimen and the output bar is negligible, we can 
obtain the energy absorbed by a rock specimen 

W L = W\ — ( WR + W R ) (5) 

where the energies Wh WR, and WT can be obtained 
by the stress wave measurements. 

- - % 

Fig. 9. (a) Photos o f cracking damage on the sections of gabbro specimens COl and C04. COl (041-043): k = 1.57 x 10""' MPa m 1 / 2 s"1, 

/tic = 2.831 MPa m " 2 , no branching crack. The extending direction of the crack is f rom 041 to 043. C04 (061-063): k = 1.38 x 10"' MPa m 1 ' 2 

s - 1 , K\c = 2.753 MPa m " " , no clear branching crack. The extending direction of the main crack is from 061 to 063; (b) Photos of cracking 

damage on the sections of gabbro specimens No. 50 and No. 47. No. 50 (014-016): k = 7.90 x 101 MPa m " 2 s ' \ KlQ = 3.632 MPa m I / 2 . The 

extending direction of the main crack is f rom 014 to 016. No. 47 (030-034): k = 2.69 x 10 2 MPa m " 2 s"', K!c = 2.691 MPa m 1 ' 2 . The extending 

direction of the main crack is f rom 030 to 034. In both No. 50 and No. 47 there are layer cracks; (c) Photos of cracking damage on the sections 

of gabbro specimens No. 07 and No . 12. No. 07 (025-027): k = 1.79 x 105 MPa m " 2 s"1, ATM = 9.333 MPa m " 2 . There is one branching crack. 

The extending direction of the main crack is f rom 025 to 027. No. 12 (051-053): k = 1.56 x 105 MPa m " 2 s~\ Kw = 6.531 MPa m " 2 . There is 

one branching crack. The extending direction of the main crack is f rom 051 to 053; (d) Photos of cracking damage on the sections o f gabbro spe

cimens No. 23 and No. 24. No. 23 (016-018): k = 8.77 x 105 MPa m " 2 s~\ Kld = 20.176 MPa m " 2 . There is one branching crack. The extending 

direction of the main crack is f rom 016 to 018. No. 24 (001-004): A: = 7.11 x IO5 MPa m " 2 s~\ KlA = 19.202 MPa m " 2 . There are several 

branching cracks. The extending direction of the main crack is from 001 to 004; (e) Photos of cracking damage on the section of gabbro speci

men No. 35. No. 35 (001-004): k = 1.04 x 106 MPa m " 2 s~\ Ku = 26.977 MPa m l / 2 . There are several branching cracks. The extending direc

tion of the main crack is f rom 001 to 004. 
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Fig. 9 (continued) 
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The values of the energies WB, Wh WR, WT, and 
IVL calculated according to the stress wave measure
ments and Eqs. ( l ) - (5) , are shown in Table 2. 

I t is evident from Table 2 that the energy Wh for a 
specimen fractured in static loading is much less than 
that for a specimen fractured under dynamic loading. 
Moreover, in the condition of dynamic loading, the 
energy Wh increases with an increasing loading rate 
(see Fig. 11 based on the data in Table 2). However, 
we can find in the table that the value of W L / f ¥ B , 
defined as the ratio of energy utilisation, decreases 
with an increase in the loading rate or the impact 
speed of the striker bar (see Figs. 12 and 13). The 

dynamic fracture tests shown in Fig. 13 were per
formed with a high-speed framing camera, and the stri
ker bar was the same in all experiments for both the 
gabbro and the marble specimens. Thus, the speed of 
the striker bar is directly proportional to the loading 
rate, i.e. all the experiments in Figs. 12 and 13 indicate 
that the ratio of energy utilisation decreases with 
increasing loading rates. 

The energy WL mainly contains three parts: (1) frac
ture and damage energy, WFD, used in producing frac
ture surfaces and branching cracks, and creating 
cracking damage such as micro-cracks within frag
ments; (2) kinetic energy, WK, of flying fragments; (3) 
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Fig. 9 (continued) 

other energy, W^, consumed in other forms of energy 
such as thermal energy. 

The energy W0 is assumed to be very small and neg
ligible in fracture at loading rates that are not very 
high. Thus, we have the following equation 

Wh = WFD + WK (6) 

where the energy WK can be determined by exper
iments. Therefore, W F D can be calculated by Eq. (6). 

6. Kinetic energy and fracture and damage energy 

6.1. Kinetic energy, WK 

Under the condition of the loading rates k<l.O x 
106 MPa m 1 / 2 s - 1 the typical stress waves measured on 
the input bar and the output bar are shown in Fig. 14. 
Through analysing the stress waves recorded in all the 
tests, we can confirm that the energy corresponding to 
the flying of the fragments from a specimen was pro
vided only by the first incident wave, and the second 
incident wave did not influence the flying at all. 

Because a specimen was always divided into two 
halves after fracture at the loading rates k<l.O x 106 

MPa m 1 / 2 s _ 1 , the kinetic energy WK can be deter
mined by the following equation 

W^=l-mxV\+X-miV\ (7) 

where m\ and m% are the masses of the two fragments, 
respectively, and V\ and V2 are the initial flying speed 

of the fragments after the specimen is completely sep
arated. An examination of the two fragments showed 
that w, and m2 were approximately equal to each 
other. So from equation (7) we have 

WK=
]-m(V2+V2

l) (8) 

Here m is the mass of one fragment. Both V\ and V2 

are determined according to the following procedure. 
Fig. 15a and Fig. 15b are two adjacent photographs of 
the same fragment in the flying process. The interval 
between the two photographs is 2.857 ms. O, 0\, and 
Oi are different positions of the mass centre of the 
fragment at different times. S V i and S V 2 represent the 
vertical displacements, and S H I and S H 2 the horizontal 
displacements of the mass centre. The true horizontal 
displacement x\ (or x2) of the mass centre can be cal
culated according to the following formula: 

xi = S H i / sin a, (9) 

where a, is the angle between the camera lens and the 
bottom of the SHPB test bed (see Fig. 2). The true 
vertical displacement y\ (or y2) of the mass centre is 
the same as S V j (or S V 2 ) , since the axis of the camera 
lens and the axis of the specimen are in the same 
plane, which is perpendicular to the bottom plane of 
the SHPB bed. So the true displacement Si of the 
mass centre of the fragment is calculated according to 

S, = ( x 2 + v 2 ) , / 2 = ( (S H , / s in a , ) 2 + S 2 , ) 1 / 2 (10) 

The average speed V of the fragment during the time 
interval At is equal to 
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V=(S%- Si) /A/ (11) WK/WL = (0.69v0 + 0.22)/100 (13) 

On the basis of the above analysis, the values of Vx 

and V2 can be calculated, which are given in Table 3. 
According to the data in Table 3 we can obtain the 

relationship between the kinetic energy of the flying 
fragments and the speed of the striker bar (see Fig. 16). 
This relationship can be expressed by the following 
equation 

WK = 0.026v0 + 0.094 (12) 

This result indicates that the energy WK increases with 
an increase in the impact speed of the striker bar. We 
can also obtain the relationship between the ratio W K / 
W L and the impact speed of the striker bar (see 
Fig. 17). This relationship can be described by the fol
lowing equation 

This result shows that the ratio WK/WL also increases 
with the impact speed of the striker bar. 

From Table 3 we find that the kinetic energy WK of 
the fragments can approximately reach 7% of the 
energy WL as the impact speed of the striker bar is 
9.6 m/s (or the loading rate is 2.60 x 105 MPa m I / 2 

s _ 1 ) , i.e. WK — 0.07 Wi_. Moreover, it is assumed that 
Eqs. (12) and (13) are valid when vn>10 rn/s, so that 
WK and WK/WL will increase markedly with an 
increase in v 0 . For example, when v 0 = 20 m/s, WKI 
WL will be up to 14%. Therefore, the energy WK is 
not negligible in the condition of dynamic rock frac
ture. 

Because the framing speed of a high-speed camera is 
often limited, it is difficult to catch the instantaneous 

A 

notch t ip 

C 0 1 

1 f rac ture surface! 

Fig. 10. (a) Photos of cracking damage on the section of gabbro specimen C01. C01 (044-049): k = 1.57 x 10~ ! MPa m l / 2 s _ 1 , A * = 2.831 MPa 

m ' / 2 . The extending direction of the main crack is f rom 044 to 049; (b) Photos of cracking damage on the section of gabbro specimen No. 07. 

No . 07 (028-039): k = 1.79 x 10s MPa m " 2 s"1. ATId = 9.333 MPa m ' / 2 . The extending direction of the main crack is from 028 to 039; (c) Photos 

of cracking damage on the section of gabbro specimen No. 35. No. 35 (009-016): k = 1.04 x 106 MPa m " 2 s"', Ku = 26.977 MPa m " 2 . The 

extending direction of the main crack is f rom 009 to 016. 
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Fig. 10 (continued) 

speed of the fragments at failure. So the flying speed 
of the fragments measured in the study is lower than 
the true speed at failure. Thus, the kinetic energy 
determined above is also smaller than the true kinetic 
energy. However, the higher the framing speed, the 
closer is the measured flying speed to the true flying 
speed. Therefore, it is necessary to employ a camera 
with a higher framing speed in the future than that we 
used in this study. 

6.2. Fracture and damage energy, WFD 

According to Eqs. (6) and (13), we have 

WFD = WL[\ - (0.69v0 + 0.22)/100] (14) 

According to Eq. (14), taking gabbro specimen 227* as 
an example, we can obtain IVFD = 0.93 VVL. This 
means that about 93% of the energy WL absorbed by 
the specimen is used to extend the main crack (or form 
the fracture surfaces), and produce branching cracks 

and inner cracking damage such as micro-cracks in the 
fragments. Similarly to the analysis above, it is 
assumed that Eq. (14) is also valid when vo>10 m/s, 
so that W F D will decrease with an increase in v 0 . For 
example, when v 0 = 20 m/s, W F D will be down to 0.86 
WL. Furthermore, the higher the impact speed is, the 
lower will be the energy WFD/rVL. 

7. Discussion 

7.1. Effects of cracking damage on rock fracture 
toughness 

The micro-experimental examination shows that the 
cracking damage (including branching cracks and 
micro-cracks) on the vertical section of a gabbro speci
men is related to the loading rate at which the speci
men was fractured. In other words, the higher the 
loading rate, the more serious is the cracking damage. 
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Fig. 10 (continued) 

This is one of the main reasons why the dynamic frac
ture toughness increases with the loading rates, 
because the energy supplied to a specimen fractured 
under dynamic loading is much more than the energy 

supplied to a specimen fractured under static loading. 
I t can be inferred that extra energy (except for that 
used for producing the main crack surfaces of a speci
men) in dynamic fracture is mainly used to produce 

-2 0 2 4 6 8 

Log k ( MPa m V ) 

Fig. 11. Relationship between the energy WL and the loading rate k. 

" H " in the figure means that the tests were performed with a high

speed framing camera. For static fracture: WL = constant: for 

dynamic fracture: log WL — 0.94 log k — 5.09. Here " log" is the 

base 10 logarithm. 

• 
Static Dynamic 

-
•* 

• gabbro 
. A gabbro (H) 

o marble (H) 
i 

2 0 2 4 6 8 

Log k ( MPa m V ) 

Fig. 12. Relationship between the energy utilisation ratio and the 

loading rate. " H " in the figure means that the tests were performed 

with a high-speed framing camera. 
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Table 2 

Values o f the energies WB, Wh WR, IVT and WL 

Specimen number 3 v0 (m/s) k (MPa m 1 ' 2 s~') Klc or Kld (MPa m ' / 2 ) W B ( J ) m (J) WTQ) WJVI 

COl 1 x I O " 5 1.57 x I O ' 1 2.8 0.096 - _ - 0.096 100 

C02 1 x 10~ 5 1.40 x 10"' 2.5 0.081 - - - 0.081 100 

C03 1 x 10" 5 1.47 x 10- ' 2.6 0.072 - - - 0.072 100 

C04 1 x 10~ 5 1.38 x 10" 1 2.8 0.090 - - - 0.090 100 

No. 30 5.2 1.39 x 105 5.8 6.300 4.918 4.302 0.012 0.604 10 

No. 28 5.8 1.48 x 105 6.5 7.838 5.918 5.242 0.018 0.658 8 

No. 19 4.5 1.78 x 105 7.5 4.718 3.400 2.906 0.018 0.476 10 

No. 29 7.1 2.14 x 105 7.3 11.74 8.924 7.236 0.026 1.662 14 

No. 33 5.6 2.44 x 105 8.1 7.307 5.736 5.044 0.014 0.678 9 

No. 16 6.4 2.30 x 105 12.4 9.544 7.724 6.356 0.062 1.306 14 

No. 36 21.7 1.37 x 106 33.0 108.7 96.38 91.12 0.164 5.096 5 

No. 39 23.6 1.88 x 106 41.4 129.8 108.7 101.4 0.228 7.072 5 

No. 38 24.6 1.94 x 106 42.8 141.0 120.0 112.4 0.264 7.336 5 

214* 6.2 2.02 x 105 7.5 13.22 12.50 10.67 0.019 1.811 14 

215* 6.4 1.67 x 105 5.5 14.03 13.30 11.76 0.020 1.520 11 

213* 7.6 2.28 x 105 6.0 19.88 18.75 16.52 0.024 2.206 11 

212* 7.8 1.93 x 105 6.4 20.54 19.19 17.06 0.029 2.101 10 

211* 7.8 2.10 x 105 8.8 20.80 19.39 17.24 0.030 2.120 10 

228* 9.2 1.85 x 10s 7.6 28.63 25.77 23.52 0.015 2.235 8 

227* 9.6 2.60 x 10s 10.9 31.05 27.66 25.36 0.039 2.261 7 

m223 6.2 2.09 x 10s 7.1 13.09 12.44 10.88 0.010 1.550 12 

m222 6.9 1.16 x 105 5.1 16.12 15.22 13.28 0.009 1.931 12 

m221 7.0 2.90 x 105 11.9 16.64 15.66 13.67 0.010 1.980 12 

m225 9.5 1.75 x 105 5.6 30.68 27.32 25.06 0.011 2.249 7 

m226 9.5 2.74 x 105 8.5 30.95 27.37 25.09 0.018 2.262 7 

a Specimens C01-C04 and the specimens with " N o . xx" in their number were gabbro, and they were the same as those reported in Ref. [1]. 

The specimens with "*" and " m " in their number are gabbro and marble, respectively, and their dynamic fracture experiments were performed 

with a high-speed framing camera. The fracture tests for C01-C04 were performed on the MTS 810. 

more branching cracks (or a longer branching crack) 
and more micro-cracks. 

7.2. Practical applications 

1. Loading rates have a great impact on crack branch
ing and micro-cracking in the vicinity of the fracture 
surfaces of a rock specimen. Therefore, rock exca
vation with lower loading rates is possibly a better 
choice f rom the viewpoint of stability and safety. In 
addition, an interesting phenomenon should be 
noted. In the specimens fractured at the loading 
rate k = l O ' - l O 2 MPa m 1 / 2 s"1 there are layer 
cracks near the fracture surfaces. However, in the 

specimens fractured at k = 10" 2 -10° MPa m 1 / 2 s~' 
there is no such cracking, even though the difference 
between the loading rates of the two cases is small. 
This indicates that the gabbro is sensitive to the 
loading rates (k = l O ' - l O 2 MPa m 1 / 2 s _ 1 ) , concern
ing the cracking damage of its sections. Therefore, 
even for mechanical excavation, some parameters 
(such as impact speed in percussive drilling and ro
tation speed in rotary boring) of a drilling or boring 
machine relevant to loading rates may be optimised 
by determining the effects of loading rates on the 
rock to be excavated. 

2. According to the experimental results above, the 
ratio WJWB for static fracture is 100%, and the 

Table 3 

Measured values of V\ and V2 

Specimen number v 0 (m/s) k (MPa m " 2 s" 1) Kld (MPa m " 2 ) m (g) V, (m/s) V2 (m/s) » ' K W (*1(J) 

214* 6.2 2.02 x 105 7.5 46.7 1.17 1.17 0.064 1.811 4 

215* 6.4 1.67 x 105 5.5 46.7 1.22 1.22 0.069 1.520 5 

213* 7.6 2.28 x 105 6.0 46.7 1.52 1.52 0.108 2.206 5 

227* 9.6 2.60 x 105 10.9 54.9 1.68 1.68 0.155 2.261 7 

m223 6.2 2.09 x 105 7.1 40.5 1.31 1.31 0.070 1.550 5 

m222 6.9 1.16 x 105 5.1 40.5 1.30 1.30 0.068 1.931 4 

m221 7.0 2.90 x 105 11.9 40.5 1.75 1.75 0.124 1.980 6 
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• gabbro (H) 
o marble (H) 

( b ) 

Fig. 15. Diagram o f fragment movement. 

VQ ( m/s ) 
Fig. 13. Relationship between the energy utilisation ratio and the 

impact speed of the striker bar. " H " in the figure means that the 

tests were performed with a high-speed framing camera. The 

equation for the solid line is: WL/WB = —0.017v0 + 0.23. 

ratio WL/WB for dynamic fracture is much lower 
than 100%. In this investigation, the maximum 
value of WJWB for dynamic gabbro fracture is 
only 14%. Similar results have been obtained in the 
experimental investigation of dynamic uniaxial com
pressive rock strength [17,18], i.e. the ratio WL/WB 

for the dynamic compressive failure of rock is 
always less than 50%. The experiments show that 
most of the input energy is lost due to the reflected 
stress wave and transmitted wave. Moreover, part 
of the energy WL is consumed in the form of the 
kinetic energy of the flying fragments. I t is certain 
that, during dynamic fracture in the SHPB system, 
the energy WK is not used to fracture rock. There
fore, f rom the viewpoint of energy utilisation, the 
best way to fracture rock should be through static 
loading or low-speed loading rather than dynamic 
loading. 

Furthermore, f rom the viewpoint of the fracture 

toughness of rock, it is much easier to break rock at 
static loading or low-speed loading than at dynamic 
loading, because the static fracture toughness of rock 
is generally much less than its dynamic fracture tough
ness [1]. On the basis of the above two viewpoints, it 
can be concluded that, i f the energy loss due to the 
reflected stress waves, the transmitted waves and the 
flying of the fragments cannot be decreased to zero or 
utilised in rock fracture, the most efficient method for 
rock drilling, excavation, fragmentation, and crushing 
should be static loading or low-speed loading. A high-
pressure grinding roll machine used in the cement 
industry has indirectly proved the above-inferred con
clusion. In concrete terms, a high-pressure grinding 
roll machine has much higher energy efficiency than a 
traditional crushing/grinding as a ball mill . According 
to Brachthäuser and Kellerwessel [21], the reduction of 
the energy consumption achieved through using a 
high-pressure grinding roll machine is in the range of 
50% compared with traditional crushing/grinding 
methods. One of the main reasons is that a high-press
ure grinding roll machine crushes rock/ore through 
very low-speed loading, or static loading according to 

0.12 h 

Agabbro (H) 
omarble (H) 

6.0 10.0 

( m/s 

Fig. 14. Recorded stress waves in dynamic fracture. 

Fig. 16. Relationship between the kinetic energy of the fragments 

and the speed of the striker bar. " H " in the figure means that the 

tests were performed with a high-speed framing camera. Solid line: 

0 ^ = 0.026 v 0 - 0.094. 
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å. gabbro (H) 
o marble (H) 

striker bar rises. 
4. The kinetic energy WK of the fragments appearing 

in dynamic fracture is not negligible, particularly in 
the condition of high loading rates. The fracture 
and damage energy W F D is the chief part of the 
energy WL in dynamic fracture, even though there 
is other energy, such as W^. However, when the 
loading rates increase markedly, the percentage of 
W F D in the energy WL will decrease. 

6.0 7.0 8.0 9.0 10.0 

v0 ( m/s ) 

Fig. 17. The ratio W-%_IW\_ with the impact speed of the striker bar. 

" H " in the figure means that the tests were performed with a high

speed framing camera. Solid line: WK/rVL = (0.69v 0 + 0.22)/100. 

the definition in this paper. However, a ball mill 
destroys rock/ore mainly through the impact of balls, 
i.e. by dynamic loading. In order to apply the above 
studies to engineering operations, further specific inves
tigation is needed. 

8. Conclusions 

1. Micro-examinations showed that (a) there were two 
main types of cracks: micro-cracks (such as inter
crystalline cracks and intracrystalline cracks) and 
macro-cracks, i.e. secondary cracks on the fracture 
surfaces or branching cracks on the cross section of 
the gabbro and marble specimens; (b) the branching 
cracks near the fracture surfaces of dynamically 
loaded gabbro specimens increased with the loading 
rates. However, there were rarely such branching 
cracks near the static fracture surfaces. 

2. The energy- W L absorbed by a specimen in static 
fracture is much less than that in dynamic fracture. 
The main reasons are that in the process of dynamic 
fracture both the macro-crack branching and micro
cracking damage within rock specimens, which are 
much more serious than in static fracture, must con
sume extra energy. In addition, flying fragments 
appearing in dynamic fracture also consume another 
part of the energy W L in the form of kinetic energy. 
Such kinetic energy, however, is almost zero in sta
tic fracture. 

3. The value Wh/WB in the case of dynamic fracture is 
much lower than that in the case of static fracture. 
In addition, the ratio decreases with an increase in 
the loading rate or the impact speed of the striker 
bar. This means that the energy utilisation decreases 
when the loading rate or the impact speed of the 
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Abstract 

The dynamic f rac ture toughness o f Fangshan gabbro and Fangshan marb le subjected to h igh temperature was measured by 

means o f the split H o p k i n s o n pressure bar ( S H P B ) system. The specimens f o r measuring the f rac ture toughness were manufac tured 

according t o the requirements f o r the Short R o d (SR) specimen suggested by I S R M . T w o cases were investigated: (1) the SR 

specimens o f the gabbro and marble were f r ac tu red at h igh temperature ( 1 0 0 - 3 3 0 ° C ) , and (2) the specimens o f the rocks were first 

pre-heat-treated at 2 0 0 ° C f o r the marble and 6 0 0 ° C f o r the gabbro, and then f rac tured at r o o m temperature. The experimental 

results showed that under dynamic loading the f rac ture toughness o f b o t h the gabbro and the marble tested i n the above-mentioned 

cases increased w i t h increasing loading rates. The relat ionship between the f rac ture toughness and the load ing rates i n the t w o cases 

is s imilar to that obta ined i n the r o o m temperature envi ronment , i.e., w i t h o u t h igh temperature. (This is defined as the t h i r d case.) I t 

can be concluded that temperature va r ia t ion affects the dynamic f rac ture toughness o f the two rocks to a l imi t ed extent w i t h i n the 

temperature ranges tested. Th is is dif ferent f r o m the results obtained under the static load ing cond i t i on . Fur the rmore , by means o f 

the scanning electronic microscope ( S E M ) , the ver t ical sections o f the f rac tu re surfaces f o r some gabbro specimens were examined. 

I n a d d i t i o n , the f rac ta l dimensions o f the f rac tu re surfaces o f some specimens were measured by means o f f rac ta l geometry. The 

results showed that under dynamic loading: (1) macro-crack branching near the f rac ture surfaces was universal; (2) the f rac ta l 

dimensions increased w i t h increasing load ing rates; (3) i n the sections o f the specimens tested at h igh temperature there were many 

micro-cracks tha t were p robab ly induced by the rmal cracking. O n the basis o f the above macro- and micro-experimental 

inves t igat ion, an energy analysis o f the process o f dynamic rock f rac ture was pe r fo rmed . The results showed that the energy 

u t i l i sa t ion i n dynamic f rac tu re was much lower than that i n static f rac ture . © 2001 Elsevier Science L t d . A l l rights reserved. 

1. Introduction 

Temperature.is one of the main factors influencing the 
mechanical behaviour of rock, and it plays an important 
role in many engineering practices, such as rock drilling, 
rock fragmentation, ore crushing, underground coal 
gasification, extraction of geothermal energy, deep 
petroleum boring, and underground repositories of 
nuclear wastes. Up to now many authors [1-11] have 
explored the effects of temperature on the basic phys
ical and mechanical properties of various rocks under 
static loading. Their exploration indicates that: (1) 
temperature markedly influences the Young's modulus, 
the coefficient of thermal expansion, the compressive 

* Correspondence address. Division of Mining Engineering, Luleå 

University ofTechnology, SE-97187, Sweden. Tel.: +46-920-91442; 

fax: +46-920-91935. 

E-mail address: zhang.zongxian@ce.luth.se (Z.X. Zhang). 

strength, tensile strength, and fracture toughness of the 
rocks; and (2) different heating/cooling rates usually give 
rise to different changes in the strength and fracture 
toughness of most of the rocks. 

In the above-mentioned engineering practices, how
ever, many problems concerning rock failure are simul
taneously related to high temperatures and various 
loading rates, particularly high loading rates. For ex
ample, core drilling, percussive and high-speed rotary 
drilling, and blasting produce transient mechanical and 
thermal loading onto rock. Therefore, it is necessary to 
investigate the effects of high temperature and loading 
rate on rock fracture. 

So far only a few authors have investigated the effects 
of temperature and loading rate on rock strength [12] 
and on rock fracture toughness [13,14] to some extent. 
Lindholm [12] established a relationship between rock 
strength, temperature, and the strain rate. Zhang and 
Yu [13] and Zhang et al. [14] measured the static 

1365-1609/01/S-see front matter © 2001 Elsevier Science Ltd . A l l rights reserved. 
PH: S 1 3 6 5 - 1 6 0 9 ( 0 0 ) 0 0 0 7 1 - X 
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Nomenclature 

Kic static fracture toughness in mode I ; rock fracture at loading rate k< 10 4 MPam 1 / 2 s~ ' i s defined as static 
fracture 

Kid dynamic fracture toughness in mode I ; rock fracture at loading rate k> 1 0 4 M P a m 1 / 2 s " ' is defined as 
dynamic fracture 

t9 time interval f rom the start of loading to the point when the critical state of the crack is achieved 
k loading rate, (k= Kic/tc or k — K\d/tc) 
vn impact speed of the striker bar in dynamic fracture 
WB kinetic energy of the striker bar or the energy input into the loading system 
W\ energy of the incident stress wave 
WR energy of the reflected stress wave 
W-x energy of the transmitted stress wave 

energy absorbed by a rock specimen 
WF-Q fracture and damage energy of a rock specimen 

kinetic energy of flying fragments 
ISRM International Society for Rock Mechanics 
SEM scanning electron microscope 
SHPB split Hopkinson pressure bar 
SR short rod specimen 

and dynamic fracture toughness of Fangshan gabbro 
and Fangshan marble which were either pre-heat-treated 
at 200°C for the marble and 600°C for the gabbro or 
remained in a high-temperature state during fracturing. 
However, in Refs. [13,14] the effects of axial pressure on 
the fracture toughness of the rocks were not considered 
in the determination of the fracture toughness. This 
gives rise to a marked difference between the measured 
fracture toughness and the true toughness. In addition, 
Refs. [13,14] lacked the experimental investigation of the 
micro-fracture behaviour of the rocks. Moreover, the 
two papers did not deal with any quantitative analysis of 
the energy partitioning in dynamic fracture process of 
the rocks. 

The present investigation is an extension of the 
previous work in Refs. [13,14]. On the basis of the 
experimental investigation of fracture, the influence of 
the axial pressure on the fracture toughness of the rocks 
was considered, and the micro-fracture characteristics of 
the rocks were examined by means of the scanning 
electron microscope (SEM). Then the fracture surfaces 
of some rock samples tested were quantitatively studied 
by means of fractal geometry, and energy partitioning in 
the process of dynamic fracture was investigated. 

2. Fracture experiments 

2.1. Rock 

The tested rocks were Fangshan gabbro and Fang
shan marble from the suburb of Beijing. A l l the 
specimens of each rock were drilled from one big block. 

The cylindrical rock specimens were 44 mm long and 
their diameters were 30 mm. The two ends of the 
specimens were ground flat and parallel to each other 
within approximately 0.05 mm. The mineralogical com
position of the two rocks is given in Table 1. The 
indirect tensile strengths (determined by the Brazilian 
test) of the gabbro and the marble were 17.3 and 
7.1 MPa, respectively. For the dynamic fracture testing 
at high temperature, defined as case I in this study, the 
cylindrical specimens were first machined into short-rod 
(SR) specimens as suggested by ISRM [15], see Fig. la. 
Then a V-shaped slot was cut directly at the upper end 
of the specimen so as to apply dynamic loading to the 
specimen, see Fig. lb . 

For the dynamic fracture testing of the pre-heat-
treated specimens, defined as case I I , first the cylindrical 
specimens were suddenly put into a furnace in which the 
temperature had reached 200°C for marble or 600°C for 
gabbro. Then the temperature was kept constant for 
30 min so that the specimens could be heated to the 

Table 1 

Mineralogical composition (MC) and maximum grain size (MGS) of 

gabbro and marble 

Rock M C % MGS (mm) 

Gabbro Plagioclase 48-52 1.9 

Pyroxene 35-38 1.4 

Olivine 5-7 0.6 

Hornblende 5 1.1 

Biotite 3 0.4 

Magnetite 1 0.4 

Marble Calcite 93-96 1.0 

Magnesia Olivine 3-5 0.4 

Magnetite 1 0.3 



Z.X. Zhang el al. / International Journal of Rock Mechanics & Mining Sciences 38 (2001) 211-225 213 

(a) (b) (c) 

Fig. 1. Short rod specimen, (a) the SR specimen of the method suggested by I S R M , (b) the SR specimen and wedge used in the dynamic fracture of 

rock at high temperature, (c) the SR specimen and wedge used in the dynamic fracture of heat-treated rock. a\ = maximum depth of chevron flanks, 
B = crack front length. 

assigned value from the outside to the inside, and then 
the specimens were taken out and cooled down in the 
air. After that the heat-treated specimens were machined 
into SR specimens. Finally, two semi-circular steel slices 
were bonded on the upper ends of the specimens. Thus, 
a V-shaped slot with the angle ß — 42° was formed by 
the two slices, see Fig. lc. 

2.2. Experimental method 

The experimental set-up for both cases is shown in 
Fig. 2. For case I , after the specimen and the wedge 
were set up as shown in Fig. 2, a furnace started to heat 
the specimen at a rate of 5-7°C per minute. As soon as 
the temperature in the furnace reached the assigned 
value, the temperature was kept for 30 min so that the 
whole specimen from the outside to the inside could be 
heated to the appointed temperature. Then the striker 
bar was launched, and the specimen was fractured under 
a dynamic loading condition. When the test was over, 
the furnace was closed down, and the fractured speci
men was taken out and cooled down in the air. The 
temperature in the furnace could be controlled auto
matically, and the controlling precision was about 
± 1°C. In order to provide enough space in the furnace 
for movement of the fractured specimen, the furnace 
with a 100 mm inner diameter was employed. Its length 
was 250 mm. 

For case I I , after the experimental set-up with the 
specimen was ready, the striker bar was launched and 
the specimen was fractured under dynamic loading in an 
environment of room temperature. 

[Tj [ 9 ) — ( j ö ^ - Q T ) 

Fig. 2. Experimental set-up. 1. Gas gun; 2. striker bar; 3. input bar; 

4. output bar; 5. specimen; 6. strain gauge; 7. wedge; 8. device 

for measuring speed; 9. strain amplifier; 10. transient memory; 

11. computer; 12. support; 13. absorber; 14. furnace. 

In the dynamic fracture tests, application of the wedge 
with the angle a = 46° enabled the compressive force P 
from the input bar to be applied, whereas the crack tip 
mainly remained to be loaded in tension. This dynamic 
rock fracture method for an SR rock specimen was 
described in detail by Zhang et al. [16]. The input bar 
and the output bar in the present study were 1600 and 
1400 mm long, respectively. Both of the bars were 
30 mm in diameter. The wedge was tightly connected 
to the end of the input bar by a screw. The specimen was 
sandwiched between the wedge and the end of the 
output bar. In the absence of a specimen the distance 
between the wedge and the output bar was adjusted to 
be slightly shorter than the length of the specimen. In 
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this way the specimen was fixed between the wedge and 
the output bar. The ends of the bars and the wedge were 
ground fiat, otherwise no special measures were taken to 
reduce the friction between the bar or wedge and the 
specimen. 

A n approximately rectangular stress pulse was 
generated in the incident bar through the impact of 
the cylindrical striker bar, which was accelerated by the 
gas gun. The diameter and length of the striker bar were 
30 (or 23) mm and 355 (or 400) mm, respectively. There 
was a device near the end of the incident bar for 
measuring the impact velocity of the striker bar so as to 
check the stress wave measurement. 

In the specimen the incident stress pulse (<j\) was 
partly reflected ( Ö R ) and partly transmitted (or). With
out considering the axial pressure, which is parallel to 
the axial direction of the SR specimen, the fracture 
toughness in the condition of a wedge loading can be 
determined by the suggested method. That is to say, 
the fracture toughness K\c may be calculated in terms of 
the following formulae, equation (1) [15] and equation 
(2) [17]: 

Kic = 2ACkFc/D
xl\ (1) 

F c = P c / ( 2 t g ( « / 2 + t g - V ) ) , (2) 

where Pc is the critical compressive force acting on 
the wedge, Fc the critical tensile load on the specimen, 
a the top angle of the wedge, \x the coefficient of 
friction between the wedge and rock (here u = 0.20 ) or 
between the wedge and the steel slices (here ß = 0.15), 
and Ck a correct factor. According to the suggested 
methods 

Ck = 1 - 0.6AW/D + lAAao/D - 0.01AØ. (3) 

The symbols AW, Aa0, and A6 denote the difference 
between the practical value and the standard one, for 
example AW/D = W/D — 1.45, etc. For case I , the value 
of Ck is 1. However, for case I I , the value of Ck is equal 
to 1.1, due to the fact that the lengths of the specimen 
and the relevant ao were increased by the thickness of 
the steel slice according to Refs. [16,18]. Here the 
manufacturing errors for the specimens are neglected for 
the two cases. 

In fact, the axial pressure affects the value of the 
fracture toughness markedly according to Ingraffea 
et al. [19]. The experimental result obtained by Ingraffea 
et al. indicated that the axial pressure contributed an 
increase of up to 30% in the fracture toughness of 
Indiana limestone. Zhang et al. [16] obtained a similar 
result for gabbro, finding that the corresponding 
increase was 33%, i.e., the fracture toughness with the 
axial pressure is 1.33 times as great as that without the 
axial pressure. For the above two reasons, we can obtain 
the following equations for calculating the fracture 

toughness in mode I for the two cases: 

*ic=Y33 CkFc/D
l'2=-^Fc/D

i'2 for case I , (4a) 

= 7 ^ 3 CkFc/D"2 = ™ 1.1 Fc/Dx/1, for case I I . 

(4b) 

Eq. (4) can be used to calculate the static fracture 
toughness of rock in the condition of a wedge loading. 
For dynamic fracture, according to the analysis in 
Ref. [16], when the critical time tz > 25 us, the dynamic 
rock fracture can be approximately treated as a quasi-
static fracture problem. The experimental conditions in 
Ref. [16] are almost the same as those in this study, 
i.e., the same SHPB testing system, the same rocks 
(Fangshan gabbro and Fangshan marble), and the same 
geometry of the rock specimens. For a quasi-static 
fracture problem, the critical compressive force Pc 

acting on the wedge can be determined by the following 
formula: 

Pc(lc) = EAst(tc). (5) 

Here et(t) is the strain measured on the output bar, and 
E and A are the Young's modulus and the cross-section 
area of the bar, respectively. On determining the value 
of Pc, the dynamic fracture toughness Ku can be 
calculated by Eq. (4). The key to obtaining the value of 
Pc is to determine the critical time tc. 

In the experiment of case I , no proper testing method 
could be used to measure the critical time, because the 
specimen was in a high-temperature environment during 
testing. However, the experimental results obtained by 
means of the dynamic Moiré method [16] showed that as 
£ = 6.56 x 10 4-2.35 x 1 0 5 M P a m 1 / 2 s ~ \ the difference 
between the r c and the peak time tm of the transmitted 
wave for a specimen was generally 0-5 us, see Table 2. 
The corresponding difference in (K^ - K\d)/Kid is 
0-9%. Here K™d is the fracture toughness calculated 
by using tm. That is to say, i f the tm rather than tc is used 
in calculating fracture toughness, the fracture toughness 
calculated will be greater than the true fracture 
toughness by 0-9% in the range of loading rates shown 
in Table 2. 

In the experiment of case I I , the critical time tc was 
approximately determined by the strain gauge method 
that was described in [13]. 

3. Results for dynamic fracture 

3.1. Fracture toughness 

The fracture toughness of the rocks in the two cases 
is given in Tables 3 and 4, respectively. As discussed 
above, the Ku in Table 3 is possibly greater than the true 
fracture toughness by 0-9%. In the tables " N " means 
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Table 2 

Measuring results for the critical time using dynamic Moiré [16] 

Sp. no. Vo k A y tm {K™ -Ku)/KÜ (%) Fracture 

(m/s) ( M P a m " 2

S - ' ) (us) ( M P a m " 2 ) (us) results 

ggOl 3.5 6.82 x 104 58 3.955 60 — N a 

gg02 3.8 8.09 x 104 41 3.317 42 5.8 N 

gg03 4.1 6.56 x 104 50 3.279 52 9.0 N 

gg04 4.5 8.45 x 104 39 3.295 44 6.1 N 

gg05 4.6 1.34 x 105 40 5.350 41 4.6 N 

gg06 4.7 1.43 x IO 5 40 5.738 39 5.7 N 

gg07 5.8 8.73 x 104 37 3.230 36 6.6 N 

gg08 5.9 1.44 x 10 s 32 4.617 34 6.5 N 

gg09 6.2 l . l O x 105 49 5.399 53 3.3 N 

ggio 6.4 7.09 x 104 40 2.836 40 0 N 

g g l l 6.5 1.27 x 105 42 5.346 41 5.9 N 

gg!2 6.8 2.35 x IO 5 28 6.577 27 7.3 N 

ggl3 8.6 8.16 x 104 40 3.262 44 4.2 N 

a " N " means that the fracture result is normal, i.e., the specimen is separated into two equal parts f rom its main crack surface. 

that the specimen in question was separated into two 
equal parts f rom its main crack surface, and " F " means 
that the specimen in question was first fractured and 
then broken into three or more fragments, see Fig. 3. 

According to the tables, the relationships between the 
loading rates and the fracture toughness of the rocks in 
the two cases are shown in Figs. 4 and 5, respectively. 
These results indicate that irrespective of the kind of 
rock and the type of case, the fracture toughness of the 
rocks always increases with increasing loading rates. 

Such a relationship is similar to that for the same 
rocks in the room temperature environment or without 
disturbance of high temperature, which is defined as 
case I I I in this study and was studied in [16]. In addition, 
the results show that, at the same loading rate the 
fracture toughness values of both the gabbro and the 
marble are close to each other. This is different from 
the results under static loading [11]. 

The conclusions drawn from the above experiments 
can be expressed in the following formulae: 

log Kid = a log k + b (5a) 

or 

Ku = cka. (5b) 

Here a, b and c are constants to be determined by 
experiments, and c = 10*, " log" means base 10 loga
rithm. It is easily seen that "b" is related to the fracture 
toughness value of a rock as the loading rate 
k= 1 . 0 M P a m I / 2 s _ 1 , and "a" reflects the variation of 
the fracture toughness with the loading rates. 

3.2. Fragmentation of rock specimens 

In the process of fracture, all of the specimens in static 
fracture and most of the specimens in dynamic fracture 

were separated into two equal parts along the direction 
of their main cracks. However, when the loading rate k 
is very high, for example when k> 1 x 106 M P a m 1 / 2 s~' 
(usually the corresponding impact speed of the striker 
bar is over 15-20 m/s), rock specimens are often broken 
into three or more fragments. It can be confirmed that 
such specimens were separated into two parts by their 
main cracks and then broken into several fragments. 
This can be explained by the fact that their original 
fracture surfaces were planes, see TG11 and T G I 2 in 
Fig. 3. This means that part of the energy absorbed by a 
specimen under high-speed loading was used to form 
more fragments. In addition, it was observed that during 
dynamic fracture the fragments usually flew away at 
different speeds. The higher the loading rate was, the 
greater was the flying speed. In other words, under 
dynamic loading another part of the energy was 
consumed as the kinetic energy of the flying fragments. 

4. Micro-fracture characteristics of the sections of 
fracture surfaces 

4.1. Specimen preparation 

As soon as a specimen was fractured, the fragments 
(often two equal parts) were well preserved from new 
damage on their fracture surfaces. To examine the 
vertical section of a specimen, the fracture surface of a 
fragment must be protected f rom mechanical damage 
induced by later machining. Firstly, a small Bakelite 
plate was attached to the fracture surface of the 
fragment by an adhesive. Secondly, the fragment was 
cut along the sample axis through the notch tip. The 
section of the fragment was perpendicular to its fracture 
surface. Finally, the section was abraded flatly and 
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Table 3 

Testing results 

No. r vo Aid tm k Fractured 

(°C) (m/s) ( M P a m " 2 ) (US) ( M P a m " V ) results 

(a) For marble at high temperature 

5-22.t01 100 6.8 4.7 33 1.4 x 105 N 

5-23.t01 100 6.7 5.3 64 8.2 x 104 N 

5-23.t02 100 6.9 1.9 53 3.5 x 104 N 

5-24. tO 1 100 6.7 3.2 63 5.1 x 104 N 

6-13.t01 100 — 6.8 45 1.5 x 10s N 

6-13.UD2 100 6.9 2.6 48 5.3 x 104 N 

9-26.t01 100 5.0 2.2 50 4.4 x 104 N 

5-23.t03 300 6.6 2.8 51 5.5 x 104 N 

5-23.t04 300 6.5 1.4 96 1.5 x 104 N 

5-24.t02 300 6.4 4.1 64 6.3 x 104 N 

6-14.t02 300 7.2 3.2 69 4.7 x 104 N 

6-15.t02 300 7.7 4.1 49 8.4 x 104 N 

9-27.t01 300 7.1 5.0 45 1.1 x 105 N 

9-27.t02 300 6.9 3.8 48 8.0 x 104 N 

10-05.H 300 6.8 3.0 60 5.0 x 104 N 

1 0 - l l . t l 300 5.5 3.4 34 1.0 x 105 N 

10-25.U 330 7.6 5.0 51 9.7 x 104 N 

10-25.t2 330 3.8 4.8 40 1.2 x 10 s N 

10-30.Ü 330 7.0 8.6 30 2.9 x 105 N 

(b) For gabbro at high temperature 

l l-3. t02 100 8.3 8.9 30 3.0 x 105 N 

l l -7. t01 100 8.7 11.1 28 4.0 x 105 N 

ll-7.t02 100 8.8 9.0 41 2.2 x 10 s N 

6-7.t01 100 7.0 6.8 36 1.9 x 10 s N 

6-7.t02 100 7.0 4.5 36 1.3 x 105 N 

10-31.t2 200 7.2 7.1 38 1.9 x 105 N 

11-l.tOl 200 7.4 7.4 48 1.5 x 105 N 

l l-3. t01 200 7.2 6.4 56 1.1 x 10 s N 

6-4.t01 200 7.5 7.7 39 2.0 x 105 N 

6-4.t02 200 7.0 5.3 40 1.3 x 105 N 

6-6.t01 200 7.0 8.8 36 2.4 x 105 N 

6-6.t02 200 7.0 5.2 34 1.5 x 105 N 

5-28.t01 330 7.0 5.8 34 1.7 x 105 N 

5-29.t01 330 7.0 3.9 36 1.1 x 10 s N 

5-31.t01 330 7.0 8.2 38 2.2 x 105 N 

5.31.t02 330 7.0 8.0 34 2.3 x 105 N 

6-3.tO1 330 9.4 7.5 32 2.3 x 10 s N 

6-3.t02 330 9.0 10.8 28 3.9 x 105 N 

polished, see Fig. 6. In order to perform SEM 
experiments, the polished section should be sprayed 
with carbon. Before the microscope observation and 
carbon spraying, the section surface must be cleaned 
with alcohol. 

4.2. Characteristics of crack branching 

Experimental observations with an SEM showed that 
macro-crack branching (or bifurcation) usually appears 
in the sections of the specimens of gabbro and marble 
fractured under dynamic loading. The SEM photos of 
the sections of the fractured surfaces of two gabbro 
specimens are shown in Fig. 7. A l l of the photos in the 
figure have the same magnification. When the loading 

rate is very high, the branching cracks in a specimen go 
through the specimen. This gives rise to the formation of 
three or more fragments after the specimen is fractured. 
Crack branching is possibly one of the main reasons 
why the dynamic fracture toughness of the rocks 
increases with increasing loading rates. In other words, 
macro-crack branching in the condition of dynamic 
loading must consume extra energy in addition to that 
used in forming the main crack under static loading. 

4.3. Micro-characteristics of the sections of fracture 
surfaces 

I t has been found that a micro-examination of the 
section of a specimen is useful for investigating the 
micro-fracture characteristics of the rock in question 
[20]. Some typical fracture characteristics of dynamic 
fracture can be seen in the sections of two gabbro 
specimens shown in Fig. 8. In the figure we can find 
many micro-cavities (marked with "mc") in the sections. 
It is thought that such micro-cavities are produced 
mainly due to thermal cracking, because in the sections 
of the fracture surfaces of the same gabbro, not 
subjected to high temperature, almost no such micro-
cavities have been found by using the same magnifica
tions as in this investigation [20]. 

In order to investigate the cracking characteristics 
clearly, a back-scattering method was used to examine 
the sections of three specimens. Their photos are shown 
in Fig. 9. The figure shows that: (1) On the section of the 
static specimen (C04) there are only a few cracks near 
the fractured surface, and most of the intrinsic defects 
are close. (2) On the section of the dynamic specimen 
(1 l-7t02) fractured at high temperature, there are a great 
number of micro-cracks near the fracture surface. These 
cracks markedly increase the damage in the fracture 
surface and its surrounding area. To a great extent, 
many such cracks are probably produced due to high 
temperature. Of course, some of them are related to 
dynamic loading. (3) On the section of the dynamic 
specimen (No. 35) fractured at room temperature, there 
are also a great number of micro-cracks. Some cracks 
are open and the micro-cracks look like those on the 
section of specimen ll-7t02. This implies that dynamic 
loading can induce micro-cracks near a fracture surface 
more markedly than static loading. 

4.4. Fractal characteristics of fracture surfaces 

The above examinations with the SEM are only 
limited to a qualitative analysis. This is not enough to 
explore the fracture behaviour of rock. The research 
performed by Mecholsky et al. [21] indicated that the 
fracture surfaces of six aluminium materials with varied 
grain size, porosity and toughness, and five glass 
ceramics with different microstructures were identified 
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Table 4 

Test results 

No. 'c t m 
k Fractured result 

(m/s) (MPa m l / 2 ) (us) (us) ( M P a m ' V ) 

(a) For marble after heat-treatment (200°C) 

TM01 5.5 11.9 36 38 3.3 x IO 5 N 

TM02 3.9 7.0 36 36 1.9 x 105 N 

TM03 14.0 17.3 30 36 5.8 x 105 N 
TM04 12.0 30.0 29 32 1.0 x IO 6 N 

TM05 4.60 6.4 76 76 8.4 x 104 N 

TM06 13.7 33.3 28 30 1.2 x 106 F 

TM07 12.4 33.5 24 28 1.4 x 106 N 

TM08 12.6 32.6 23 26 1.4 x 106 N 

TM09 5.7 10.2 38 40 2.7 x 105 N 

TM10 23.5 42.2 23 24 1.8 x 106 N 

TM11 22.3 24.4 25 26 9.8 x 10 s F 

TM12 23.8 35.0 22 24 1.6 x 106 F 

M200a 1.0 x 10" 4 0.3 — 3.1 x 106 1.1 x 10"' N 

M200b 1.0 x 10~ 4 0.4 — 3.1 x IO* 1.2 x 10~1 N 

M200c 1.0 x 10" 4 0.3 — 3.1 x IO 6 l .Ox 10"' N 

M200d 1.0 x 10" 4 0.3 — 4.0 x 106 7.8 x I O - 2 N 

M200e 1.0 x I O - 4 0.3 — 3.5 x 10'' 9.0 x I O ' 2 N 

(b) For gabbro after heat-treatment (600°C) 

TG02 4.9 8.6 34 42 2.5 x IO5 N 

TG03 4.8 9.4 34 36 2.8 x 105 N 
TG04 6.6 16.3 38 40 4.3 x 105 N 

TG05 9.1 11.8 33 34 3.6 x 105 N 

TG06 12.6 20.9 23 24 9.1 x IO 5 N 

TG07 14.4 20.5 26 28 7.9 x 105 N 
TG08 4.8 9.3 34 36 2.7 x 105 N 

TG10 24.5 46.9 24 26 2.0 x IO 6 N 

TG11 24.5 42.9 25 28 1.7 x IO 6 F 
TG12 20.1 31.9 22 24 1.5 x IO 6 F 

g600a 1.0 x 10~ 4 1.0 — 2.7 x 106 3.7 x I O ' 1 N 

g600b 1.0 x I O - 4 1.0 — 3.0 x 106 3.3 x 10"' N 
g600c 1.0 x I O - 4 1.0 — 2.8 x IO 6 3.5 x I O - 1 N 

Fig. 3. Fractured specimens. 
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Fig. 4. Loading rate vs the fracture toughness of heat-treated 
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Fig. 5. Loading rate vs the fracture toughness of gabbro and marble at 

high temperature. For marble, log K\d = 0.64 log £ -2 .54 ; for gabbro, 
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as fractal. This implies that these materials exhibit self-
similar fracture behaviour. Similar research showed that 
the fracture surfaces of rock materials are also self-
similar or statistically self-similar [22]. The fracture 
surfaces of rock can, therefore, be quantitatively studied 
by means of fractal geometry. 

A fractal study of fracture surfaces of materials is 
generally performed through measuring and analysing 
the fractal dimensions of the fracture surfaces. There are 
mainly two methods for determining the fractal dimen
sion of a fracture surface: the slit island and the fracture 
profile method. Zhang et al. [23] measured the fractal 
dimensions of 11 SR specimens of the same gabbro as 
that examined in this study by using the fracture profile 
method. Employing the same procedures as in Ref. [23], 
the boundary line L (see Fig. 6), on which the fracture 
surface intersected its section, was taken as the outline 
of the fracture surface which was used for calculating its 

^ " ^ ^ notch tip 

A 

"1 

fracture surface 
(a) 

Fig. 6. Fracture surface (a) and its vertical section (b) of a short rod 
specimen. 

fractal dimension. Considering that the length of the 
curve measured should be long enough to include the 
main extent f rom the stable to the critical extension of 
the crack, it was decided that the horizontal length of 
the curve should be longer than 10mm. Thus the fractal 
dimension to be measured should be proper. For this 
reason, in this investigation 12 mm was chosen as the 
horizontal length of the curve line to be measured 
for each specimen. The measurement started from the 
notch tip. 

According to the detailed method described in 
Ref. [23] we measured the fractal dimensions of five 
specimens (2 marble and 3 gabbro); see the results in 
Table 5. The results indicate that the fracture toughness 
of the rocks and their fractal dimension have the 
following relationship: 

logZ)* = a 2 log/: + 62, 

when 

k > 1 x 105 M P a m 1 / 2 s"1 (6) 

Here D* = Dp — 1, a2 and bi are constants and their 
values are 0.43 and 3.48, respectively. This relationship 
is shown in Fig. 10 and it indicates that the fractal 
dimension Dp of the specimens fractured under dynamic 
loading increases with increasing loading rates. This 
relationship is consistent with that between the fractal 
dimensions of the same rocks and the loading rates in 
case I I I reported in Ref. [23]. 

5. Energy analysis 

5.7. Energy partitioning in dynamic rock fracture 

According to the experimental system for dynamic 
rock fracturing shown in Fig. 2, several energy forms 
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7. ( A - C ) Branching cracks in the sections of gabbro specimens. I l-7t02: £ = 2.2 x 1 0 5 M P a m l / 2 s ^ ' , Fig 

£ = 7.9 x 1 0 5 M P a m l / : s"1, KM= 20.5 M P a m 1 / 2 , T= 600°C. 
A ! i d = 9 . 0 M P a m l / 2 , 7"= 100X; TG7: 

can be defined: 
W% — The kinetic energy of the striker bar, i.e., the 

total energy input to the loading system 
W\ — The energy of the incident stress wave 
IVR — The energy of the reflected stress wave 
WT — The energy of the transmitted stress wave. 
Assuming that the energy induced by the friction 

between the wedge and the steel slices on the specimen is 
negligible, then we have the energy totally absorbed by 
the rock specimen, i.e., 

WL=Wl-(WR+WT). (7) 

5.2. The values of several forms of energy 

The values of the energies WB, W\, WR, and WT were 
calculated according to the stress waves measured 
during dynamic rock fracture, and the W\_ was obtained 
by Eq. (7). The results are shown in Table 6. I t indicates 
that the energy WL of each specimen fractured in static 
loading is much less than that of each specimen 
fractured in dynamic loading, and that the energy W\_ 
in dynamic loading increases with an increasing loading 
rate, see Fig. 11. However, we can find that the value of 
Wy.lWB, defined as the ratio of energy utilisation, varies 
markedly with the loading rate, and the energy 
utilisation in dynamic loading is much lower than that 
in static loading, see Fig. 12. The energy WL mainly 

consists of the fracture and damage energy W F D , the 
kinetic energy of fragments which fly at a certain 
speed once the specimen is separated, and the other 
energy W0 (for example in the form of thermal energy) 
consumed during fracturing. The WFu is used for 
forming fracture surfaces, producing crack bifurcation 
near fracture surfaces, and inducing micro-cracking 
damage within the fragments. The energy W0 is 
assumed to be very small and negligible in this 
investigation. Thus, we have the following equation: 

rVL=WFD+WK. (8) 

According to the experimental investigation [20], when 
the loading rate k = 1.1-2.9 x 1 0 5 M P a m 1 / 2 s - \ 
WK= 4 - 7 % . Supposing that the result is valid for this 
study, we can consider that most of the energy WL is 
used for producing fracture surfaces and inner damage 
including crack branching. 

6. Discussion 

6.1. Influence of temperature on fracture toughness of 
rock 

As explained in the above, previous studies [7-11] 
have shown that temperature affects the static fracture 
toughness of rock noticeably, irrespective of the heating 
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Fig. 8. ( A - F ) Photos of the sections of gabbro specimens (100 um scale). TG7: i = 7.9 x l 0 5 M P a m 1 / 2 s ~ ' , Km= 20.5 M P a m 1 ' 3 , T- 600°C; 6-3t02: 

A: = 3.9x 10 5 MPam' V . Kw= 10.8 M P a m ' / 2 , T= 330°C. 

method used, i.e., whether the rock was rapidly heat-
treated before the test or at a high temperature during 
the test. Concerning the same rocks as the gabbro and 
the marble in this study, the results for the static fracture 
toughness of the rocks with different heat-treatment 
temperatures are shown in Fig. 13 [13]. It indicates that 
the fracture toughness of the rocks decreases with 

increasing temperature. For example, the fracture 
toughness of the gabbro heat-treated at 600°C and 
the marble heat-treated at 200°C are both reduced by 
about 50%. In addition, at the same temperature, the 
difference in fracture toughness between the two rocks is 
marked. For example, the fracture toughness of the 
gabbro heat-treated at 200°C is 4 times as great as that 
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of the marble heat-treated at 200°C. Therefore, it can be 
concluded that temperature is one of the important 
factors that influence the static fracture characteristics 
of rock. This conclusion is different from that obtained 
under dynamic loading and shown in Fig. 14 [16] and 
Figs. 4 and 5 to a great extent. The three figures, 
compared with Fig. 13, indicate that the influence of 
high temperature on the dynamic fracture toughness of 
the rocks is quite smaller than on the static fracture 
toughness of the rocks. This can be explained by means 
of following comparisons. According to the curves in 
the three figures, as log k is equal to 5.6, the fracture 
toughness of the gabbro in room temperature (case I I I ) 
and that of the gabbro heat-treated at 600°C (case I I ) 
are 13.4 and 12.8 MPa m 1 / 2 , respectively. Their differ
ence is only 4%. This is much smaller than 50% — the 
corresponding difference of the static fracture. Further

more, Fig. 5 shows that the fracture toughness of the 
rocks under dynamic loading mainly depends on loading 
rates. In other words, the influence of high temperature 
on the dynamic fracture toughness is quite limited. The 
above comparisons indicate that high loading rates 
greatly reduce the influences of temperature on rock 
fracture toughness. This is very similar to the studies of 
the effects of temperature on rock strength by Lindholm 
et al. [12]. 

6.2. Influence of rock types on f racture toughness 

The static fracture toughness of a rock is closely 
related to the type of rock in question. As shown in 
Fig. 13, the values of the static fracture toughness of 
both gabbro and marble at room temperature or heat-
treated at 100-600°C are quite different from each other. 
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Table 5 

Fractal dimensions for the gabbro and the marble fractured during high-temperature heating 

Specimen no. Rock Temperature Ku k Fractal dimension (£>r) 

TCO ( M P a m " 1 ) ( M P a m " V ) 

10-25.t02 Marble 330 4.8 1.2 x 105 1.055 

10-30.t01 Marble 330 8.6 2.9 x 105 1.080 
11-l.tOl Gabbro 200 7.4 1.5 x 105 1.053 

ll-3. t02 Gabbro 100 8.9 3.0 x 105 1.093 
l l -7 . t01 Gabbro 100 11.1 4.0 x 105 1.079 

Table 6 

The energies WB, W\, WR, I f j a n d W L for the heat-treated rock specimens 

No. "0 k Kid
 o r

 Kic W, WR IVT WL 

(m/s) ( M P a m " 2 s - ' ) ( M P a m " 2 ) (J) (J) (J) (J) (J) (%) 

m2-l 1.0E-4 1.1 x 10"' 0.3 0.046 0.046 100 
m2-2 1.0E-4 1.2 x 10 _ 1 0.4 0.041 0.041 100 
m2-3 1.0E-4 1.0 x 10" 1 0.3 0.036 0.036 100 
m2-4 1.0E-4 7.8 x I O - 2 0.3 0.037 0.037 100 

g6-l 1.0E-4 3.7 x 10" 1 1.0 0.060 0.060 100 
g6-2 1.0E-4 3.3 x 10"' 1.0 0.067 0.067 100 
TG06 12.55 9.1 x 105 20.9 36.70 33.64 29.28 0.107 4.25 11.59 
TG07 14.41 7.9 x 105 20.5 48.38 44.26 39.64 0.113 4.51 9.32 
TG10 24.5 2.0 x 106 46.9 139.86 115.20 105.10 0.284 9.82 7.02 

TM10 23.5 1.8 x 106 42.2 128.67 110.32 101.94 0.254 8.13 6.32 
TM11 22.3 9.8 x 105 24.4 115.87 96.70 92.82 0.078 3.80 3.28 
TM12 23.8 1.6 x 106 35.0 131.98 111.60 103.48 0.211 7.91 5.99 

0.12 

'u. 0.08 

• Gabbro 
log(D F -1) = 0.43 log k - 3 . 4 8 

• Marble 
log(D F -1) = 0.43 log k - 3 . 4 8 

• 

-

• — 
-— • 

i . . i . r 

5.00 5.20 5.40 5.60 5.80 

log k (MPa m 1 / 2 s" 1 ) 

Fig. 10. Relationship between loading rate and fractal dimension. 

The values of their dynamic fracture toughness, how
ever, do not have a marked difference at the same 
loading rate, see Figs. 4 , 5 and 1 4 . Does and how does 
the rock type affect the dynamic rock fracture tough
ness? To answer this question, further studies for some 
other rocks are necessary. 

6.3. Comparison with the effect of temperature on the 
strength of rock 

Lindholm et al. [ 1 2 ] investigated the effects of both 
temperature and the strain rate on the compressive 

• gabbro 

A marble 
Static Dynamic T 

i i t • I . I . - - . — J 1 

-2 0 2 4 6 8 

log k ( MPa m V ) 
Fig. 11. Energy WL vs loading rate, log W\_= 0.97 log k - 5.12. 

strength of Dresser Basalt, and their results showed that 
in the static loading condition (e.g. at a strain rate of 
2 . 4 x K T ' S " 1 ) , the uniaxial compressive strength basi
cally decreased with increasing temperature ( 2 7 - 5 2 7 ° C ) . 

However, in the dynamic loading condition (at a strain 
rate of about 1 x 1 0 3 s - 1 ) , the strength underwent almost 
no change with increasing temperature. Their results 
also indicated that, in the condition of dynamic loading, 
the change in temperature had less and less influence on 
the unconfined compressive strength of Dresser Basalt 
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Fig. 13. Static fracture toughness of heat-treated gabbro and marble. 

as the strain rate increased. Interestingly, this conclusion 
is consistent with the results shown in Figs. 4, 5 and 13. 

6.4. Dynamic fracture mechanism of rock 

In the process of the dynamic fracture of metal 
materials, an adiabatic region usually appears in a small 
region near the tip of the main crack, since the loading 
to the crack is so quick that the stresses and energy in 
the region are highly concentrated instantaneously [24]. 
Meanwhile, the speed of the thermal conduction of a 
material is generally much smaller than the speed of the 
stress waves of the material. Therefore, the concentrated 
energy is limited to the small adiabatic region and 
cannot be quickly transferred to the neighbouring area 
of the region in the form of heat. Because rock is not a 
good thermal conductor, such an adiabatic region is 
more easily formed in rock than in metal materials in the 
condition of dynamic fracture. 

CO 

o. 

-© - gabbro 
- A - marble 

-
8 

°& 
/ / 

i i 

0 r y " 

1 . 1 . 

0 4.5 5.0 5.5 6.0 6. 

log k ( MPa m V 1 ) 

Fig. 14. Relationship between the Ku of the gabbro or the marble 

without high temperature and k. For gabbro: log(Aid) = 0.68 log (k)-

2.68; for marble: l ogg ia ) = 0.76 log (/t)—3.19. 

In the adiabatic region, all the concentrated energy 
would notably exceed the energy used only for the 
extension of the main crack. Naturally, the surplus 
energy would mainly be used to produce more micro-
cracks rather than to make the main crack extend, and 
finally some of the micro-cracks form branching cracks. 
In other words, the adiabatic region is a main source for 
the crack branching or bifurcation. According to our 
experimental investigation of the dynamic fracture of 
Fangshan marble and Fangshan gabbro, which were 
either heat-treated or not heat-treated before testing, the 
macro-crack branching mainly depended on the loading 
rate rather than on the conditions of the rocks during 
testing — heat-treated or not heat-treated. This means 
that the quantity of the micro-cracks in the rocks, 
particularly in the adiabatic region, does not noticeably 
influence the phenomenon of crack branching. We 
assume that this result is valid for the dynamic fracture 
of the two rocks in a high temperature environment. 
Thus, it can be concluded that, under all the three 
conditions for the rocks — heat-treated, at high 
temperature, and at room temperature — the crack 
branching mainly depends on the loading rates. 

To produce more branching cracks, more energy has 
to be supplied. Therefore, the more the branching cracks 
are, the greater is the fracture toughness of the rocks. 

On the basis of the discussion above, one can draw the 
conclusion that the dynamic fracture toughness of the 
rocks, irrespective of whether the rocks were heat-
treated or not or at a high temperature in the fracture 
testing, mainly depends on the loading rates. Therefore, 
different conditions, such as a heat-treated or a non-
heat-treated condition, affect their dynamic fracture 
toughness to a limited extent. 

The above discussion on the dynamic fracture mechan
isms of rock is mainly based on two rocks — gabbro and 
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marble. In order to explore the fracture mechanisms 
deeply, further experimental investigations for other 
rocks are imperative, particularly on a micro-scale and 
using quantitative analysis. 

6.5. Applications 

According to experimental studies [1-11], high tem
perature usually reduces the static strength and static 
fracture toughness of most rocks. The higher the 
temperature is, the lower are the strengths and the 
fracture toughness. Therefore, i f one wants to break 
such rocks by static or low-speed loading, high 
temperature would be helpful for the breakage of the 
rocks. In other words, i f the rocks are accompanied by 
high temperature, high loading rates should be avoided 
in their fracture or breakage, because the fracture 
toughness and strengths of the rocks are higher at high 
loading rates than at low loading rates [12-14]. 

Furthermore, the experimental investigations in this 
study and in Ref. [20] have shown that, for the rocks 
with or without high temperature, the energy utilisation 
in dynamic fracture is much less than that in static or 
low-speed loading. From the viewpoint of energy 
utilisation, therefore, the better method for rock fracture 
should be static loading rather than dynamic loading. 

The discussion above indicates that in engineering 
practices, such as rock drilling, mechanical rock 
excavation, and blasting, etc., it is better to break rock 
by using as low loading rate as possible, no matter 
whether a high temperature is or not avoidable. In order 
to confirm this conclusions, further quantitative analysis 
of the cracking/damage in rock and the energy 
partitioning in the process of the dynamic fracture of 
the rock is necessary. 

7. Conclusions 

1. The fracture toughness of Fangshan gabbro and 
Fangshan marble which are either in the heating state 
during the fracture test or heat-treated previously is 
greater in the condition of dynamic (stress wave) 
loading than in static loading, and in dynamic 
loading the fracture toughness increases with increas
ing loading rates. This result is similar to that 
obtained in room temperature environment or with
out disturbance of high temperature. 

2. Under dynamic loading, the degree of temperature, 
high or low, influences the value of the fracture 
toughness of both the gabbro and the marble to a 
limited extent. This result is different from that 
obtained under static fracture. 

3. The fractal dimensions of dynamic fracture surfaces 
subjected to high temperature increase with increas
ing loading rates. This is consistent with the results 

obtained in a room temperature environment, i.e., 
without high temperature. 

4. The energy utilisation in dynamic fracture related to 
high temperature is much less than that in static 
fracture. 
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1. Introduction 

Studies of the effects of loading rates on rock fracture have been performed for decades (Zhang et al., 
1999). However, the previous work on static or dynamic rock fracture has mainly been limited to a 
macro-experimental study. Although some investigations dealt with a micro-experimental study of rock 
fracture, they were still limited to a qualitative experimental smdy (Zhang et al., 2000). Therefore, a 
quantitative micro-experimental smdy of rock fracture is necessary for exploring rock fracture 
mechanisms. Since the 1980's fractal theory has been applied to examine the fracture surfaces of 
various solid materials. This was reviewed in detail by Charkaluk et al.(1998). Furthermore, the fractal 
smdy of brittle materials has indicated that the rougher the fracture surface of a brittle material is, the 
greater is the fractal dimension of the fracture surface (Mecholsky et al., 1989). The smdy by 
Mecholsky et al. (1989) also showed that the fractal dimensions of the fracture surfaces for several 
brittle materials were proportional to their fracture toughness. However, the above work dealing with 
brittle materials was performed under static loading conditions. 

The present investigation measures the fractal dimensions of the fracmre surfaces of the gabbro 
specimens fractured at various loading rates covering static and dynamic loading, and explores the 
relationship between the fractal dimensions and the fracture toughness of the rock. 

2. Specimen Preparation 

The rock specimens are similar to a short rod (SR) specimen suggested by the International Society of 
Rock Mechanics (ISRM) (Ouchterlony, 1988). In the condition of low loading rates, the fracture testing 
was performed on a material testing system MTS 810, and such fracmre is defined as static fracture. K I c 

stands for static fracture toughness in mode I and the relevant loading rate is k < 104 MPa m ' s'1. In 
the condition of high loading rates, the fracture testing was done with a split Hopkinson presure bar 
(SHPB) system and such fracture is called dynamic fracture. The SHPB system is composed of a strike 
bar, input bar, output bar and relevant testing equipment. A wedge is tightly connected with the end of 
the input bar by a screw, and the rock specimen is sandwiched between the wedge and the output bar. 

K I d stands for dynamic fracture toughness in mode I and the relevant loading rate is k > 104 MPa m1 s~ 

1 . Here the loading rate is defined as k =KjJtc or K,Jtc. The critical time tc is the time interval from the 
start of loading to the point when the crack just becomes unstable. The experimental systems for static 
and dynamic fracture are described in detail by Zhang et al. (1999). In this study, all of the rock 
specimens or fragments (usually two halves) came from the previous fracture experiments in Zhang et 
al. (1999), i.e. after static or dynamic fracture testing, the fragments were preserved to measure the 
fractal dimensions of the rock fracture surfaces. The indirect tensile strength (as determined by the 
Brazilian test) of the gabbro is 17.3 MPa. Its mineralogical composition and the maximum grain size 
are shown in Table 1. 

Immediately after fracture, the fragments of the SR specimen were carefully preserved from new 
damage on their fracture surfaces. To examine the vertical section of the SR specimen, the fracture 
surface of one of its fragments must be protected from mechamcal damage induced by later machining. 

* Corresponding author. Fax: 46-920-91935; E-mail: zhang.zongxian@ce.luth.se 
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Firstly, a small Bakelite plate was firmly bonded on the fracture surface of the fragment. Secondly, the 
fragment was cut along its axis through the notch tip. The section of the fragment was perpendicular to 
its fracture surface. Finally, the section was abraded flatly and polished (see Fig. 1). The polished 
section was provided for optical microscope observations. In order to perform SEM experiments, the 
polished section was sprayed with carbon. Before the SEM experiments and carbon spraying, the 
section surface was cleaned with alcohol. 

^ ^ ^ ^ ^ notch tip 
! 1 

(a) 
fracture surface 

*— —• 
notch tip 

(b) 

F i g . l . Fracture surface wi thout Bakelite(a) and its vertical 

section w i t h Bakelite (b) o f a short rod specimen. 

Table 1. Mineralogical composition (M.C. ) and max imum grain size (M.G.S.) o f the gabbro 

M . C . % M.G.S. (mm) 

Plagioclase 48-52 1.9 

Pyroxene 35-38 1.4 

Ol iv ine 5-7 0.6 

Hornblende 5 1.1 

Biot i te 3 0.4 

Magnetite 1 0.4 

3. Fractal Dimensions of Fracture Surfaces 

3.1. Methods of Measuring Fractal Dimensions 

The research performed by Mecholsky et al. (1989) indicated that the fracture surfaces of six aluminium 
materials with varied grain size, porosity, and toughness and five glass-ceramics with different 
microstructures were identified to be self-similar. Similar research has shown that the fracture surfaces 
of some rock materials are also self-similar or statistically self-similar (Xie, 1993). The fracture 
surfaces of rock materials can, therefore, be quantitatively studied by means of fractal geometry. 

2 
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A study of the fracture surfaces of a solid material by fractal geometry is generally performed 
through measuring and analysing the fractal dimensions of the fracture surfaces. There are several 
methods for determining the fractal dimension of a fracture surface (Charkaluk et al., 1998; Xie, 1993; 
Pande et al., 1987). The present smdy has employed the vertical section method (Pande et al., 1987). 
According to this method, a fracture surface is first cut along a vertical section (in this smdy the section 
goes through the notch tip of the specimen, see Fig. 1). This section is perpendicular to the fracture 
surface. The section and the fracmre surface intersect each other on a curved hne. Such a line is used to 
calculate the fractal dimension of the fracmre surface. For the SR specimens used in this smdy, the 
horizontal distance of the curved line was about 28 mm long from the notch tip. In fact, it is expensive 
to measure the fractal dimension of the fracture surface by using such a long line. However, the 
minimum length of the curved line used for measuring the fractal dimension should be enough to cover 
the region in which the main crack extends from a stable to a critical state. Thus we concluded that the 
horizontal length of the curved line to be measured should be further than 10 mm from the notch tip, 
and we therefore chose 12 mm as the horizontal length of the hne for each specimen. The curve line to 
be measured is represented by " L " in Fig. 1. 

According to fractal theory introduced by Mandelbrot (1982), it was found that certain irregular 
curves could be characterised by a non-integer fractal dimension, and that this value was scale-
invariant. The fractal dimension, Dp, of a line can be determined by the following equation (Pande et 
al., 1987; George et al., 1992) 

DF=[(lnL0-lnL)llnE]+D (1) 

Where: L = length of the curved line measured; 
E = scale of measurement; 
LQ = a constant; 
D = topological dimension (equal to 1.0 for straight hnes and 2.0 for planes). 

The Cambridge Quantimet 900, set at a magnification of around lOOx, was used to obtain the section 
profile of a fracture surface. The section profile was analysed by a computer program that measured 
digitally the length of the section profile by different scale lengths. Under the magnification 100, the 
scale of the measurement is from 2 mm to 30 mm at the increment 2 mm. The fractal dimension is then 
obtained from the slope of the In L vs. In E curves, using a least square fitting procedure. This method is 
simple and several of these measurements for DF can be made in succession by further grinding (Pande 
et al., 1987). Furthermore, Underwood and Banerji (1983) found that a simple serial section was 
equally as effective as sections taken over all possible orientations, greatly reducing the number of 
sections required. For this reason, we assume that the result obtained by Underwood and Banerji (1983) 
is valid for rock materials. Considering the above reasons, we measured and calculated one section for 
each specimen. 

3.2. Relationship between Fractal Dimensions and Loading Rates 

According to the method described above we measured the fractal dimensions of 11 gabbro specimens. 
The results are shown in Table 2. From the results we find that the fractal dimension of the gabbro is 
correlated to the loading rate. Their relationship is shown in Fig. 2 and may be expressed by the 
following equations 

D* = 0.027, when k < l x l 0 4 MPa m > s'1 (2a) 

log D* = 0.37 log k -3.41 , when k >lx\04 MPa m'1 s ' (2b) 

where: D* = DF-l (D* is also called fractal increment); 
log = base 10 logarithm. 

For Equation (2a) the standard deviation of D* is equal to 0.0016, and for Equation (2b) the coefficient 
of determination is 0.96. This shows that the scatter of the experimental data is much smaller than the 
level of the fractal increment D*. 
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Table 2. Fractal dimensions and fracture toughness for the gabbro 

• Klc or Ky 
Specimen k (MPam1) DF   

(MPam's'1)  
C04 1.38E-1 2.75 1.027 
COl 1.57E-1 2.83 1.030 
No.50 7.9E01 3.63 1.026 
No.46 1.09E02 3.28 1.027 
No.47 2.69E02 2.69 1.026 
No.12 1.56E05 6.53 1.030 
No.07 1.79E05 9.33 1.037 
No.27 3.11E05 12.43 1.043 
No.24 7.11E05 19.20 1.059 
No.23 8.77E05 20.18 1.057 
No.35 1.04E06 26.98 1.068 
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Fig. 2. Relationship between fractal dimensions and loading rates fo r gabbro. For 

dynamic fracture: log D* = 0.37 log k -3 .41 ; log Ku = 0.63 log k -2.4. Here " l o g " 

represents the base 10 logarithm. 

4. Relationship between Fracture Toughness and Fractal Dimension 

The results in Fig. 2 or equation (2) indicate that the fractal dimensions of the gabbro specimens 
fractured under static loading do not change too much, i.e. they can be approximately taken as a 
constant. However, the DF of the gabbro fractured under dynamic loading increases with increasing 
loading rates. It is very interesting that this relationship is consistent with that between the fracture 
toughness of the gabbro and the loading rates (Zhang et al., 1999). According to the data in Table 2 we 
can find that the value of DF for a gabbro specimen is correlated with its KIc or Kjj. Their relationship is 
shown in Fig. 3 and can be described by equation (3) 
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K 
• = A(D'f (3) 

Id . 

Where A and B are constants obtained from the regression analysis of the experimental data. For 
Equation (3) the coefficient of determination is 0.93. The values of A and B obtained from the data for 

the gabbro in Table 2 are 1.71xl04 and 2.36, respectively. Equation (3) indicates that the fracmre 
toughness of the gabbro increases with increasing fractal increment of its fracture surface. In other 
words, the fracture toughness increases with increasing roughness of the fracture surfaces. This result is 
similar to that obtained by Mecholsky et al. (1989). This implies that the gabbro probably has similar 
mechanical properties with those brittle materials investigated by Mecholsky et al. (1989). 

0.08 

Fig. 3. Relationship between fracture toughness and fractal dimensions 

fo r gabbro. 

5. Discussion 

According to the experimental results for the energy partitioning of the same gabbro in the process of 
dynamic fracture (Zhang et al., 2000), we have 

log WL = 0.94 log k -5.09 (4) 

where: WL is the energy absorbed by rock specimen during fracturing. 
The Wi mainly consists of two parts: (1) the fracture and damage energy WFD used for producing 
fracture surfaces, macro-branching cracks, and inner micro-cracking damage in the specimen, and (2) 
the kinetic energy WK of the flying specimen or its fragments. From both equation (2b) and (4) we can 
get 

WL=Aj(D/i (5) 

Where: A, = 3.72xlO J; 
B, = 2.54. 

According to the energy analysis by Zhang et al. (2000), WK is a small proportion of the WL and most of 
the Wi is used to produce fracture surfaces, macro-branching cracks, and inner micro-cracking damage. 
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F i g . 4. A macro-branching crack on the section of gabbro specimen No.07. 

No.07 (028-039): k = 1 . 7 9 x l 0 5 MPa m'! s'1, K,j=933 MPa m'\ 

For example, at & < l x l 0 6 MPa m s', the WK < 0.14 WL (Zhang et a l , 2000). Equation (5) indicates 
that the energy used for producing the fracture surfaces, the branching cracks, and the inner cracking 
damage increases with increasing roughness of the fracture surfaces. 

Fig. 4 shows a typical branching crack of the specimen No.07 listed in Table 2. It is certain that the 
crack branching influences the DF of a fracture surface. In this smdy, for the purpose of simplicity the 
initial part of the branching crack was only taken into consideration. In other words, from the initial 
point of the lower surface of the branching crack a straight line, which is roughly perpendicular to the 
plane (dash line in Fig. 4) of the fracture surface of the specimen, was drawn. Thus the straight line and 
the upper surface of the branching crack met each other at the point "C" shown in Fig. 4, and the curve 
"A-C-B" in the figure was taken as the part of the fracture surface representing the branching crack. 
This approximate treatment is based on two experimental facts: (a) Crack branching is related to 
loading rate, and it increases with increasing loading rate, (b) The angle between a branching crack and 
fracture surface is also related to loading rate. Particularly, the angle has an increasing tendency with 
increasing loading rate. Obviously, this treatment possibly makes the calculated DF to be smaller than 
the true DF of the fracture surface more or less, because the length of branching crack is not fully 
considered in determination of the DF. In addition, in some cases of dynamic rock fracture, one 
branching crack produces new branching cracks during its propagation (Zhang et al., 2000). In such 
cases, how much length of the branching crack should we use to determine the DF so as to get a 
reasonable Dpi To answer this question, a further smdy is needed. 

6. Conclusion 

The fractal dimensions of the static fracture surfaces of gabbro were approximately constant. However, 
the fractal dimensions of the dynamic fracture surfaces increased with the loading rates. In addition, the 
fractal dimensions of the fracture surfaces of the gabbro increased with increasing its fracture 
toughness. 

In order to consider macro-crack branching in determining the fractal dimension of a rock specimen 
as fully as possible, it is necessary to further study both dynamic rock fracture characteristics and the 
relevant fractal theory. 
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Abstract 

This paper presents the testing methods used and the results measured in an investigation of the cutter forces of a boring machine 

named the Boretec DS 1.6 during field boring in Ä s p ö Hard Rock Laboratory. Two button cutters, one front cutter and one gauge cutter, 

were used in the field measurements. A total of 6 strain gauges were bonded on the shaft of each cutter. And each group of two gauges was 

used to measure a one-direction cutter force, i.e. the normal force, tangential force, and side force, respectively. In order to measure the 

cutter forces successfully, a telemetry system composed of a transmitter and a receiver was employed to transfer the signals from the strain 

gauges to a computer. 

A three-direction-loading system was employed in laboratory calibration so as to solve the force-coupling problem appearing in the 

cutter force measurements. Correspondingly, a mathematical treatment of the force-coupling problem was performed. Then, by means of 

the established testing system, which was proved successful in the laboratory, the normal force, tangential force, and side force of the two 

button cutters in the boring machine were measured in the field. In addition, the penetration rate, thrust, and rotation speed of the boring 

machine were also recorded in the field. The results show the following. (1) A force-coupling phenomenon really exists and it should be 

considered. (2) A l l three directional forces always show quite a high peak value every 5-7 seconds. (3) The thrust is directly proportional to 

the penetration rate of the machine. (4) The cutter forces of the front cutter are always much larger than the respective cutter forces of the 

gauge cutter. Moreover, the normal force of each cutter is much larger than the tangential force and side force of the cutter in question. 

Keywords: In-situ measurement, cutter forces, force coupling, tunnel boring machine ( T B M ) , nuclear waste repository. 

1. Introduction 

Force measurements on a disc cutter or cutter head 
during rock fragmentation in the laboratory have been 
widely reported by many authors, such as Morrell and 
Larson [1], Takaoka et al [2], Lindqvist et al [3], and 
Snowdon et al [4]. The laboratory tests have usually been 
performed on a small scale and by using a single tool. The 
cutter is installed on a modified common machine for linear 
cutting, in which the cutter is mostly fixed in position and 
the rock sample is displaced. The vertical and lateral forces 
and displacement of the cutter are sensed by strain gauges 
and a displacement transducer attached to the loading 
machine or the support of the specimen. These simplified 
test designs are very easy and economical for the 
investigation of many factors which are very useful in 
studying rock fragmentation and beneficial for tool and 
boring machine manufacturers. On the basis of the 
experimental results, some formulas and theoretical models 
have been established. 

Nevertheless, in order to improve boring machines and 
borehole quality, it is still necessary to measure the cutter 

forces in field boring, because laboratory tests are different 
from field experiments concerning some aspects, such as 
the confinement of rock, cuttings or debris, etc. However, 
due to the inconvenience of the instrumentation and the 
complexity of the field working conditions, field 
measurements of the cutter forces on a boring machine such 
as the tunnel boring machine (TBM) have not been so 
extensive. An increasing interest is developing in 
conducting field tests which take into account factors that 
are ignored in laboratory tests and which verify the 
established models. Even though field tests are difficult to 
perform, Hopkins and Foden [5] and Samuel and Seow [6] 
have attempted them. Hopkins and Foden [5] used a series 
of strain gauges welded at different locations on a cutter 
shaft to measure the normal force and tangential force of a 
raise boring machine during field excavation. A telemetry 
system was used to transmit the information from the 
rotating cutter head to the receiver near the raise boring 
machine. In the TBM case, a rotary joint in the cutter head 
centre of the T B M was used to transmit four-channel 
signals of force components and moment [6]. 

* Corresponding author. Tel: +46-920-91442; +46-920-91935. E-mail address: zhang.zongxian@ce.luth.se (Z.X. Zhang). 

* Current address: Ericsson Erisoft AB, SE-97128, Luleå, Sweden. 
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Although the previous studies have achieved success in 
field measurements of the cutter forces, there are still some 
improvements to be made and some gaps to be filled. These 
can be summarised as follows. (1) The signals for both the 
tangential and the side forces measured are weak, and the 
SN (signal-noise) ratio is too low when performing further 
analysis. (2) Force measurements of a button cutter have 
not been performed so far. (3) The previous studies do not 
mention any force-coupling problems. (4) The cracks 
caused by mechanical boring and remaining in field rock 
have not been examined in the previous studies. (5) The 
relationship between the cutter forces and the lengths of the 
cracks induced in the rock has not been investigated. 

On the basis of the background described above, this 
smdy measured the cutter forces on two button cutters of 
the boring machine used in Äspö Hard Rock Laboratory. 
The main aims of the smdy are the following: 

• to introduce an experimental method for in-situ 
measurements of cutter forces dealing with the force-
coupling problem, 

• to investigate the cracks in rock induced by the cutter 
forces and try to establish the relationship between the 
cutter forces and the lengths of the cracks, 

• to investigate the possible effects of the machine 
parameters on rock excavation, particularly on the 
crack formation, 

• to try to comment on the design of the boring machine 
according to field measurements. 

The smdy is divided into two parts: (1) laboratory 
calibration and in-situ measurements, and (2) 
characteristics of cutter forces and crack examinations. This 
paper reports on the first part. 

2. Instruments and methods of in-situ measurement 

The major parameter to be measured is the cutter force, 
which is usually decomposed into three directional forces 
that are named the normal force, tangential force, and side 
force. In addition to the cutter forces, the global boring 
parameters, such as the total thrust, torque, and rotation 
speed, are also recorded during the in-situ measurements. 

2.1. Boring equipment 

According to the design concept of nuclear waste 
storage at Äspö, the waste repository will be simated in a 
series of vertical holes with a diameter of 1.75 m and a 
length of 8 m. Such holes are to be bored by a new 
machine, the Boretec DS 1.6 TBM. The cutter head of the 
machine is shown in Fig. 1 and it has been used to drill a 
number of vertical boreholes at Äspö underground. 

C u t t e r h e a d 

Fig . 1. Cutter head of the Boretec DS 1.6 boring machine. 
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In the boring machine, there are a total of 20 cutters 
distributed in its cutter head. The field tests were performed 
only in borehole 2, as numbered by Äspö Laboratory. 
While borehole 2 was bored, 16 button cutters and 4 disc 
cutters were installed in the cutter head. The diameter of all 
the cutters was 280 mm and each button cutter had 30 
carbide buttons (two rows, each of which had 15 buttons) 
simated on the roller of the cutter. The vacuum method was 
used to move the cuttings out of the borehole. In 
instantaneous rock breakage, each cutter might have had 
one to three buttons in contact with the bottom of the 
borehole. The nine side cutters were installed slantingly in 
relation to the axis of the borehole. The total designed 
maximum thrust was 2470 kN. The rotation speed of the 
cutter head was 0 to 20 rpm. 

Of all the cutters on the cutter head, two button cutters 
were used for the force measurements. To meet our goal for 
the tests, one was a side cutter (or gauge cutter) and the 
other a front cutter. From these two cutters we could obtain 
the cutter force information in typical loading situations. 

2.2. Instruments 

The measuring system consists of the following. 

1. Strain gauges. The popular bonded metal-foil gauges 
were chosen, which are suitable for attachment onto 
metal and follow well the deformation of the measured 
component. For the measurement of the cutter forces, 
the strain gauges named the WK-06-125BT-350 were 
employed, and they can usually work at temperatures 
of -269° to +290°C. Because the strain gauges were to 
work in a tough field environment, the glue M-Bond 
610 was used to bond the gauges on the shaft. This 
glue is apt for dynamic stress analysis and can work at 
temperatures of -269° to +370°C. After the strain 
gauges were bonded on the surfaces of the shaft, a 
protection material (silicone rubber), 3145-RTV, was 
put on the gauges. This protection material can stand 
temperatures of -75° to +315°C. The shaft diameter is 
70 mm. The saddle span is 182 mm. To obtain the 
three orthogonal force components, three groups of 
strain gauges were placed on the cutter shaft. The 
gauges were distributed at locations where the largest 
strain corresponding to the component force would 
possibly take place, see Fig. 2. Here we consider the 
two ends of the shaft as fixed supports according to the 
true structure of the cutter body. Therefore, E and F 
should have the maximum (or near maximum) tensile 
stress and the maximum (or near maximum) 
compressive stress corresponding to the side force, 
respectively. 

2. Bridge circuit. Two strain gauges were needed for 
measuring one force component, and they were 
connected in a bridge circuit. To obtain the strain 
signals of the three force components, the strain gauges 
were connected in three bridge circuits, as shown in 
Fig. 2. The circuit package was protected in a box and 
located in a proper place behind the cutter head. 

3. Signal transmission. The telemetry method was 
employed and the telemetry system consisted of a 
transmitter, a receiver, and a power supply. The 
telemetry system was able to measure six-channel 
signals for cutter forces simultaneously. The 
transmitter is portable and can stand vibration, high 
temperature (up to +85 °C) and high acceleration. It 
was installed at the back of the cutter head. The 
receiver antenna was positioned on the upper part of 
the boring machine and the receiver instrument at the 
control cabin for safety and easy coupling with the data 
acquisition system. The power supply to the strain 
gauges was a battery whose continual operation time 
could reach 4 hours and which was compact and easy 
to handle. The DT 11 transmitter (6 channels) was used 
to transfer the signals from the strain gauges. A six-
channel receiver for the force measurement was used to 
pick up and amplify all the signals from the transmitter. 
The frequency of both the transmitter and the receiver 
can reach 300 kHz. 

4. Data acquisition. The data acquisition was mainly 
performed by means of a computer and the telemetry 
system. The facilities were designed specifically for 
field use and they are able to stand field dust and 
humidity. They were housed in a control cabin near the 
boring machine. The software named Ochestrator was 
used for the data acquisition. 

F N 

i i 
1 ' Cutter 
\ / 

x / 
\ I 

Output 
Bridge design 

Fig. 2. Arrangement of strain gauges on the cutter shaft and 
bridge circuits. 
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To fu l f i l the task of field measurement, the following 
preparation work was carried out first. 

1. Strain gauge attachment. As described above, two 
button cutters were used in the field measurements. In 
addition, another button cutter was taken as a spare 
cutter in the field measurements. Thus, the strain 
gauges were bonded on a total of three cutter shafts for 
the field measurements. On the surface of each shaft 
four slots were cut along the axis of the shaft to glue 6 
strain gauges and to house the cable as well as relevant 
protection materials. Measures were taken to insulate 
the gauges from oil, moisture, and dust by using 
special glue that could work at high temperature. The 
protection and fixing of the conducting cables and the 
connection with the transmitter were designed 
according to the structure of the boring machine. 

2. Load calibration. The cutter force signals from the 
attached strain gauges must be calibrated in the 
laboratory. However, one must determine the 
following: (1) whether the strains induced by the cutter 
forces are large enough to measure, and (2) whether 
force-coupling phenomena exist in the measurement of 
the three forces. I f no coupling phenomena occur, the 
calibration wil l be simple and easy. In other words, we 
only need to establish the relationship between each 
cutter force and its respective strain independently. 
Otherwise, i f coupling phenomena appear, three-
direction loading must simultaneously be used in the 
calibration. According to stress analysis by means of 
materials mechanics theory, i f the shaft is long enough 
to be taken as a long beam, points A to F on the shaft 
wi l l only have one directional non-zero force or strain, 
and the two other directional forces wil l be zero. As a 
result, there will be no coupling phenomena. However, 
the ratio between the length of the shaft and its 
diameter is not large enough to satisfy the requirements 
of a long beam. Therefore, it is necessary to use the 
finite element method to perform the stress analysis of 
the cutter body, so as to estimate the amplitude of the 
strains to be measured and check the possible coupling 
phenomena. 

3. Laboratory calibration 

The aim of the laboratory calibration is to establish the 
relationships between the cutter forces and voltages 
recorded by means of the strain gauges on the cutter shaft. 
To achieve this aim, we must first be sure i f the force-
coupling phenomenon mentioned above exists. The force-
coupling phenomenon means that a strain value from one of 
the three groups of strain gauges on the shaft is actually 
related to all the three directional forces rather than only 
one of them. According to the results of the numerical 
simulation for the cutter loaded by three directional forces 
reported in [7], the possibihty of a force-coupling 
phenomenon occurring in field tests was not excluded. 
Therefore, in order to obtain correct measuring results with 

certainty in field tests, the force-coupling phenomenon 
must be considered. 

3.1. Calibration equation 

Assuming that the influence of the force-coupling 
phenomenon is linear, then we have 

V 
' FN = <*1FN + a2FT +a3FL 

V 
FT 

= <*AFN 
+ a5FT +a6Fj > ( i ) 

= a1FN 
+ asFT +a9Fj j 

Here V P N , Vpr and V F L are the voltages measured from the 
strain gauges A/B (mainly for normal force), C/D (mainly 
for tangential force) and E/F (mainly for side force) on the 
cutter shaft, respectively, as shown in Fig. 2. F N , F x and F L 

are the normal force, tangential force and side force, 
respectively. In the laboratory calibration, F N , F T and F L are 
applied by a testing machine named Instron and two hydro-
cylinders, respectively, see Fig. 3. The aim of the laboratory 
calibration is actually to determine 0Ci, o^.-.ov Then we 
can use equation (1) to calculate F N , F T and F L by means of 
the V F N , Vpr and V F L measured in the field. 

As F T = F L = 0, according to equation (1) we have 

(*x=VFNIFN 

a 4 = V F r / F N 

a 

(2) 

V F L I F N ) 

As F T = F N = 0, according to equation (1) we have 

a - V IF 
" 3 FN L 

V IF 
FT L 

<X9=VFLIFL) 

(3) 

Because we cannot only apply F T to the cutter shaft without 
the normal force in the laboratory, we have to choose F N = 
constant *0 and FL=0. Thus from equation (1) we obtain 

a 2 = ( V F N - a l F N ) I F T 

« s = ( V F T -oc4FN)/FT 

a s = ( V F L - a 7 F N ) / F T ] 

(4) 

According to the description above, for one cutter body we 
can perform three kinds of laboratory calibrations as listed 
above. Then the coefficients rxj - 0 9 can be determined. 

3.2. Determination of the coefficients ah a2...a9 for the 
front cutter (cutter 3) 
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Fig. 3. Three cutter forces applied in laboratory calibration. 

The coefficients au ot7, ett, a 3, 0 C 9 and ot̂  can be easily 
determined by the above-mentioned procedures. The typical 
curves showing the calibrated results for the coefficients are 
presented in Fig. 4. From Fig. 4 we can see that the result of 
the curve f i t is quite good. A total of 5 tests were run to 
determine the six coefficients. We take the average value of 
each coefficient as the final coefficient. 

Unlike the 6 coefficients above, the other three 
coefficients, 0 2 , 0 5 and Og, are difficult to determine, 
because the curves corresponding to these coefficients are 
not linear, see the curves in Fig. 5. From Fig. 5 we can see 
the following. (1) The curves relevant to 0% and as are 
complicated rather than linear. This wil l cause the 
determination of a 2 and oc8 to be very difficult, and further 
wil l give rise to some errors in the calibration. (2) The 
curve corresponding to 0C5 can be taken as approximately 
linear. (3) One-time loading and repeat loading produce 
different shapes of the curves relevant to 0 2 and a 8. 
According to the observation made during the calibration in 
the laboratory, a one-time loading, except for an 
independent lateral loading, always produces one or a few 
shallow holes with clear plastic deformation in the steel 
plate placed beneath the cutter. We think that this situation 
is different from that in field boring, because it is 
impossible to produce such big plastic-deformation holes 
with the cutter in rock. Therefore, we think that repeat 
loading (the buttons in the cutter entered in the same holes 
produced previously) is more similar to the real situation in 

field rock boring. In addition, we find that the values of Ota 
and ocg determined using all the data and those determined 
using part of the data (FT>0) vary greatly. Considering that 
in field rock boring three forces always appear at the same 
time, particularly as the three forces are great, we therefore 
choose the values determined from the data with Fx>0. 
Thus we obtain the final values of 0%, a5 and a 8: 0 2 = 
0.0127, a, = -0.1011, a 8 = 0.0593. And the values of all the 
parameters a i - 0C9 for cutter 3 are listed in equation (5). 

« 1 = 0.0197 

« 2 = 0.0127 

a3 = -0.0176 

aA = -0.0004 

« 5 = -0.1011 

= -0.0007 

a 7 = 0.0054 

as = 0.0593 

a9 = -0.0263 
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CUT3N8 F N=200 kN, F L = F T = 0 kN 

Three-time loading at the same position 

Equation: 
V F N = 0.0196 F N + 1.3608 

CUT3N9 F N = F T =0, F L =30 kN 

Three-time loading 

Equation: 
V F N = - 0 . 0 1 7 6 F L + - 0 . 1 8 7 7 

F N ( k N ) 
(d) 

10 20 
F L (kN) 

CUT3N8 FN =200 kN, F L=F T=0 kN 

Three-time loading at the same position 

Equation: 
V F L = 0.006 F N +0.9809 

CUT3N9 FN=FT=0, FL=30 kN 

Three-time loading 

Equation: 
V F L = - 0 . 0 2 5 2 F L + - 0 . 0 3 5 6 

(b) 

80 120 
F N (kN) F L (kN) 

(e) 

(c) 

CUT3N8 F N =200 kN, F L =F T =0 kN 

Three-time loading at the same position 

Equation: 
V F T = -0.0004 FN+ -0.0312 

F N (kN) 

(f) 

CUT3N9 FN=F T=0, FL =30 kN 

Three-time loading 

Equation: 
V F T = 0 . 0 0 0 7 F L + - 0 . 0 3 9 5 

10 
F L (kN) 

—1 
30 

Fig. 4. Calibration curves relevant to the coefficients 

a i , « 3 » « 4 , ctg, Or, and cu, 
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CUT3N4 F L=0 kN 

One-time loading 

Equation (only F T >0) : 
Y = 0.0107 * X + 0 8404 Equation (all data): 

Y = 0.0396 * X + 0.5273 

(a) 
F T (kN) 

(d) 

CUT3N6 (for a8) F L =0 kN 

Repeat loading 

Equation (all data): 
Y = -0.0475 * X + 0.065 

F T (kN) 
16 20 

(b) 

CUT3N6 (for a2) F L = 0 kN 

Repeat loading 

Equation (only F T >0): 
Y = 0.0096 * X + 0.5342 

Equation (all data): 
Y = 0.0256 * X + 0.3277 

F T (KN) 

CUT3N4 (for a8) F L =0 kN 

One-time loading 

Equation (FT >0): 
Y =-0.0318 *X + 0.1564 

Equation (all data): 
Y = -0.0164 *X + -0.0707 

(c) 
F T (kN) 

12 16 

CUT3N4 (for a5) F L =0 kN 

One-time loading 

Equation (only F T >0): 
Y =-0.1128 *X +0.3499 

Equation (all data): 
Y = -0.0834 * X + -0.0385 

(e) 

4 I 

( f ) 

4.00 8.00 12.00 16.00 
F T (kN) 

CUT3N6 (for a5) F L =0 kN 

Repeat loading 

Equation (all data): 
Y = -0.0875 * X + 0.015 

F T (kN) 
12 16 

Fig . 5. Calibration curves relevant to the 

coefficients 0 2 , 0 C 5 and otg 
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As described above, the values of a 2 and a 8 are not 
so stable as those of the other coefficients. In other 
words, they have a poor repeatability in calibration. One 
of the main reasons is possibly that the cutter is loaded 
asymmetrically, due to the asymmetrical distribution of 
the buttons of the cutters. Because of the above facts, 
the calibration result wi l l be influenced. Therefore, the 
calibration should be modified. 

3.3. Determination of equations for calculating cutter 
forces 

According to equation (1), we have 

A= 

ax a2 

ccA o r < 

o r , OTo GCr 

(6a) 

vFN 
a2 o r 3 

F N = (1/A) vFT « 5 

« 8 
o r 9 

(6b) 

F T = (1/A) 

FN 

FT 

o r , V FL 

o r , 

o r . 

o r c 

(6c) 

F L = (1/A) 

o r , &2 

o r , o r . 

o r , o r » 

v 
y FT 

FL 

(6d) 

For cutter 3, applying the values of the coefficients oti 
Oo in equation (5) to (6), we can obtain 

FN = 61.6VFN -40J9VFL -16A9VFT 

FT = - 0 . 3 3 ^ + 0 . 4 8 ^ 9.65V, FT (7) 

FL = U.91VM -45.3WFL -25.0SVFT 

3.4. Modification of equations for front cutter 

CUT3N18tn6 

Calculated F N 

! —fv 

r Real F N I 

(b) 

RealFL ; R e a l F T \ 

100 200 300 400 500 
Time (s) 

(a) 

CUT3N18U6 

Calculated F L 

300 400 

Time (s) 

CUT3N18tt6 

Fig . 6. Comparison between the real forces and the forces 

calculated by equation (7). 
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As described above, the three forces calculated by 
equation (7) would have some errors compared with their 
respective real forces, particularly because of the 
determination of the coefficient a 8. Therefore, they need to 
be modified according to the laboratory calibration tests. In 
order to illustrate this, we use equation (7) to calculate the 
three forces according to the values of the three kinds of 
voltages measured in the laboratory calibration. Two 
laboratory tests numbered CUT3N14 and CUT3N18 are 
used to make such a comparison. In both the tests repeat 
loading was used and all three directional loads were 
applied. The forces calculated by equation (7) and their 
respective real forces are shown in Fig. 6. 

From Fig. 6 we can easily find that the differences 
between the real three forces and the forces calculated by 
equation (7) are basically proportional to the real cutter 
forces. Furthermore, we can draw the following 
conclusions. 

• From Fig. 6a we can see that, when F L is increased 
from 0 to 15 kN (the real F N is kept constant and the 
real F T is 0 kN), the F N calculated by equation (7) is 
increased from (F N ) A to (F N ) B . Obviously, the 
difference between ( F N ) A and (F N ) B is induced only by 
F L . In other words, an increase in the real F L causes the 
calculated F N to increase by a certain value. 

• From Fig. 6a we can also find that the calculated F N is 
increased from (F N ) B to (F N ) C only due to the increase 
in F T . A similar phenomenon is found at point E in the 
figure. However, the ratio between the increment of the 
F N calculated at point C and the real F L at C is different 
from that between the increment of the F N calculated at 
point E and the real F L at E. One main reason is that the 

determination of the coefficient oc8 does not follow 
both peak values of F T . 

• From Fig. 6b we can see that from point A to B the 
calculated F L has a great increment due to an increase 
in the real F T. A similar phenomenon can be found at 
point C in the figure. Similarly to the situation in Fig. 
6a, the changes in the F L calculated at point B and C 
are different from each other. 

• From Fig. 6c we can find that from point A to B the 
calculated F T is decreased only because the real F L is 
increased from 0 to about 15 kN. 

A l l the above phenomena are also found in the test for 
CUT3N14. The data related to the above phenomena are 
listed in Table 2. In Table 2 F L

r is the real F L applied in the 
laboratory tests. A F N

c L is the increment of the calculated F N 

induced by the real F L . The other parameters have similar 
meanings. From the data in Table 2 we can obtain some 
modification coefficients. They are listed in Table 3. 

Through the comparison of the results for different 
values of the coefficients A F N

c T /F T

r and A F L

c T /F T

r , it is 
found that the smaller the two coefficients are, the better is 
the f i t around the second peak values of F T . However, as the 
two coefficients become small, the differences between the 
real F L and the calculated F L around the first peak values of 
F T increase. After comparison, it is found that as A F N

c T /F T

r  

=1.08 and A F L

c T /FT

r=1.02, the result is best, i.e. the 
modified cutter forces and the real cutter forces are very 
close to each other. Thus, assuming that the modified forces 
FN*> F l * and F T * are equal to the respective real forces F N

r , 
F L

r and F T

r in Table 3, we can obtain the following results: 

Table 2. 
Data for the increments of the calculated forces for CUT3N18 and CUT3N14  

Test F L

r A F N

c L A F T

c L F T

r(kN) AF N

c T (kN) AF L

c T (kN) 
No. (kN) (kN) (kN) Peakl Peak2 Peakl Peak2 Peakl Peak2 
N18 15 5.9 -1.61 
N14 30 16.3 -3.7 
N18 5.5 10.6 20 13.5 21 12 
N14 10 21 34.8 18.5 45 18.8 

Table 3. 
Modification coefficients from CUT3N18 and CUT3N14 

A F N

c L / F L

r A F T

c L / F L

r A F N

c T A F L

c T 

Peakl Peak2 Peakl Peak2 
N18 0.39 -0.11 3.63 1.27 3.82 1.13 
N14 0.54 -0.12 3.48 0.88 4.5 0.9 
Average 0.47 -0.12 3.56 1.08 4.16 1.02 
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FL =FL-\mFr 

F* =FT +0.12F/ 

F A ; = F A r - 0 . 4 7 J P ; - 1 . 0 8 F 7 

The solution of equation ( 8 ) is 

F* = 0.89FL -0.91F r 

F* = 0.89Fr + 0.1LF, 

FN'=FN-0.5AFl -0.53FT 

CUT3N18n10 

(8) 

(9 ) 

Using equation (7 ) we can obtain the three forces F N , F L 

and F T , and in turn we obtain the final results from equation 
( 9 ) : 

FN =5534VFN 16.58FFi + 2.47VFT 

FT* = 1 .02^ - 4.56VFL -U.35VFT 

F* = \0.9VFN -4Q.16VFl -13.54F f 7 

(10 ) 

For convenience, the calculated cutter forces in equation 
( 1 0 ) are expressed by F N , F T and F L instead of F N , F T and 
FL* from now on. The comparison between the forces 
calculated by equation ( 1 0 ) and the real forces is shown in 
Fig. 7 . Equation ( 1 0 ) wil l be used to determine the true 
cutter forces in field tests according to the data for VFM, VFL 
and Vpr measured in the field. In order to confirm the 
feasibility of the above modification, equation (10 ) is 
applied to other calibration tests. The results indicate that 
the differences between the calculated normal and 
tangential forces and the real normal and tangential forces 
are usually within 16% for repeat loading and 1 8 % for one
time loading. However, the calculated side force is 
sometimes much larger than the real side force by 100% 
under both one-time loading and repeat loading, 
particularly as all three directional cutter forces reach their 
peak values. 

3.5. Determination of coefficients for gauge cutter 
(cutter 2) 

Similarly, we can obtain all the values of 0Ci - O o for the 
gauge cutter (i.e. cutter 2). Furthermore, using similar 
methods to those used in the treatment of the front cutter 
(cutter 3), we obtain the final equations for the gauge cutter. 

FN = 59mvFN -n.nvFL +4.nvn FN 

FT=0JWm-lMVFL 11.99F, 
FT 

FL =18.83F f A ! -49.93VFL -0.59VFT 

( 1 1 ) 

(b) 

Calculated F N 

CUT3N18H0 

Calculated F T 

—i 1 1— 
300 400 

Time (s) 

CUT3N18I10 

Calculated F L 

Real F L 

(C) 

Fig. 7. Final calculated forces and real forces. 
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The curves determined by equation (11) for CUT2N23 are 
shown in Fig. 8. Similarly, equation (11) is applied to other 
calibration tests. The result is similar to that for cutter 3, i.e. 
the differences between the calculated normal and 
tangential forces and the real normal and tangential forces 
are usually within 15% for repeat loading and 23% for one
time loading. However, the calculated side force and the 
real side force sometimes have a big difference. Particularly 
as the tangential force reaches its maximum peak value, the 
calculated side force is sometimes larger than the real side 
force by 100%. 

4. In-situ measurements and results 

4.1. Testing system 

The whole testing system in the field is shown in Fig. 9. 
After the laboratory calibration, the two cutters with the 
instrumented and calibrated shafts were installed in the 
boring machine. They were put at the front and outermost 
positions of the cutter head, respectively. Then the 
transmitter was installed on the cutter head. The transmitter 
and the strain gauges were connected with cables 
(numbered 3 in Fig. 9). In addition, the antenna of the 
receiver was installed on the stationary part of the machine. 
A cable from the antenna was connected to the receiver, 
and then the receiver was connected to the computer in a 
cabin near the borehole in the field. In this testing method 
the signal transmission is carried out by the telemetry 
system described above. 

The field tests started from field function tests at the 
Äspö underground site. The function tests were successful. 
Al l the field tests were performed in one borehole only, 
numbered "2". Borehole 2 was divided into 10 casings 
along its depth, see Fig. 10. The depth of each casing is 
equal to 0.8 m. The rotation speed of the machine was 15 
rpm in casing 2, and 10 rpm in the other 9 casings. The 
thrust of the machine was changed in the different casings. 

According to previous experience, the main energy 
components corresponding to the cutter forces lie in the 
range of signal frequency 0-10 Hz [6]. Therefore, we chose 
100 Hz as the sampling frequency in the field tests. In order 
to correlate the recorded force signals with the rock damage 
in the rock samples taken from the walls of the borehole, 
the positions of the measured cutter at each specific time 
were co-ordinated. 

4.2. Results of cutter force measurements 

When boring the first three casings of borehole 2, the 
strain signals from the front cutter were not stable, probably 
because the relevant strain gauges' contact with the shaft 
was not good. While boring the third casing, a motor of the 
boring machine had a breakdown. Consequently, we did not 
obtain good results from the first three casings. 

From casing 4 to casing 10, the spare cutter, i.e. cutter 3, 
was used to substitute the front cutter with the strain gauge 
problem in the field measurements. Then all the signals for 

£ loo A 

C2-23tn5 

Calcu la ted F N 

(a) 

20 - i 

200 400 
T i m e (s) 

C2-23K5 

Calculated F T 

Real F T 

(b) 

200 400 
Time (s) 

C2-23U5 

Calcu la ted F L 

Real F, 

( C ) 

—I ' 1— 

200 400 
T i m e (s) 

600 

Fig. 8. Calculated forces and real forces for CUT2N23. 
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Borehole 

. Cable 

- Cutter head 

Computer 

Receiver 

Strain gauges 

Fig . 9. Field testing system. 

1 - Gauge cutter; 
2- -Front cutter; 
3- -Cable from strain gauges to transmitter; 
4- -Transmitter. 

Borehole 2 

I 
CO 

a. 
CD 

T3 
a 
o 

- C 

o 
6 ta 

Casing 1: Thrust=1372 kN 

Casing 2: Thrust=1568 kN 

Casing 3: Thrust=1568-1764 kN 

Casing 4: Thrust=1372 kN 

Casing 5: Thrust=1764 kN 

Casing 6: Thrust=1764 kN 

Casing 7: Thrust=1764 kN 

Casing 8: Thrust=1960 kN 

Casing 9: Thrust=1823 kN 

Casing 10: Thrust=1568 kN 

Fig . 10. Borehole 2 and its casings. 

the cutter forces became very good. Here we only show 
some measured results from casing 10. Fig. 11 presents the 
measured forces of both the front cutter (in the machine this 
cutter is numbered "10") and the gauge cutter (numbered 
"18A") within the first 7 minutes of excavation in casing 
10. 

From the measured cutter forces as shown in Fig. 11 the 
following three conclusions can be drawn. (1) The 
maximum cutter force peaks, i.e. the maximum normal 
force, tangential force and side force peaks of the front 
cutter are much larger than the maximum cutter force peaks 
of the gauge cutter. One of the chief reasons for these 

results is that the gauge cutter during most of the boring 
time goes into the position where another gauge cutter 
located on its nearest periphery on the cutter head has 
produced rock breakage earlier. One further explanation 
may be that the distance between the two gauge cutters in 
the diameter direction of the cutter head is only 16 mm. 
Obviously, rock boring is quite different from metal 
cutting. The sizes of rock chips caused by a cutter can reach 
16 mm. Concerning rock breakage, the gauge cutter whose 
forces we measured does not play a significant role. 
However, it probably plays a certain role in making the 
borehole wall smooth. (2) The maximum normal force, 
tangential force and side force peaks of the front cutter 
appear once every 5-7 seconds. In addition, the maximum 
normal force, tangential force and side force peaks are 
much larger than the other normal force, tangential force 
and side force peaks, respectively. This big difference is 
unreasonable from the viewpoint of rock boring. In other 
words, too high a cutter force is unnecessary to rock boring. 
(3) Each peak of the normal forces, except for the negative 
ones, means a whole penetration process of one button. In 
the process, the button is loaded from a low level to the 
maximum level, i.e. the peak value. Here it is assumed that 
only one button is in contact with the rock when the peak 
normal force is reached. Under the peak normal force, the 
rock beneath the button is broken and the button as well as 
the cutter in question is unloaded. At the same time, the 
normal force decreases. According to Fig. 11a, the smallest 
normal force peak is about 60 kN. This indicates that only 
when the normal force is equal to or greater than 60 kN, 
might the rock be broken by the button. 

However, Fig. 11 only shows the cutter forces measured 
during 8 seconds of boring with the machine. This is not 
long enough to find the basic characteristics of the force 
signals. Therefore, it is necessary to perform spectral 
analysis of the force signals by means of fast Fourier 
transforms. This wi l l be discussed in the following paper. 

5. Thrust and penetration rate of boring machine 

In the field measurements, we recorded the thrust and 
torque of the machine and the rotation speed of the cutter 
head, and wrote down the average penetration rate of the 
machine during every 6 minutes of boring. The total thrust 
of the machine is supplied by four hydro-cylinders. Table 4 
shows the recordings of the thrust and the penetration rates 
from 6 casings. The rotation speed, corresponding to the 
data in Table 4, of the cutter head is approximately 10 rpm. 
The relationship between the thrust and the penetration rate 
is drawn in Fig. 12. 

Table 4. 

Total thrust (kN) 1372 1568 1764 1960 
Penetration rate (cm/hour) 36 45 60.5 69 
Casing No. 4 10 5-7 8 
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c10A01n1 (cutter 18A) 

Time (s) 
400 401 403 40B 409 

(a) Measured normal force of the front cutter. (d) Measured normal force of the gauge cutter. 

V 
404 

Time (s) 

C10A01U (cutter 18A) 

400 401 403 404 405 406 407 408 409 
Time (s) 

(b) Measured tangential force of the front cutter. (e) Measured tangential force of the gauge cutter. 

C10A01I1 (cutter 18A) 

404 
Time (s) 

400 401 

(c ) Measured side force of the front cutter. (f) Measured side force of the gauge cutter. 

Fig. 11. Measured cutter forces. 
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Fig. 12. Relationship between thrust and penetration rate. 

Fig. 12 indicates that the penetration rate of the machine 
increases with an increasing thrust of the machine in the 
case of a constant rotation speed of the cutter head. This 
means that the penetration depth of the cutter buttons is 
directly proportional to the thrust. The larger the thrust is, 
the deeper is the penetration. This might also mean that the 
cracks in rock produced by a cutter with a high normal 
force should be longer than those produced by a cutter with 
a low normal force. Therefore, in order to increase the rock 
excavation speed, we should increase the thrust of the 
boring machine. However, from the viewpoint of nuclear 
waste management, the thrust of the machine should not be 
too high, so as not to produce longer cracks in the bottom 
and wall of a borehole. 

Moreover, from the penetration rates in Table 4 and the 
rotation speed of the boring machine, we can conclude that 
the maximum penetration per rotation of the cutter head is 
only 1.15 mm as the total thrust is 1960 kN. Obviously, 
such a penetration is quite small. This implies that there 
should be plenty of scope for increasing the penetration rate 
of the boring machine. 

6. Conclusions 

1. The method of measuring the cutter forces in this study 
is feasible for the boring machine used at Äspö, and it 
should be valid for other TBM machines too. 

2. The force-coupling phenomenon is not negligible in 
the measurements of the cutter forces according to this 
study. Particularly in the case of button cutters with an 
asymmetric distribution of buttons, which are similar to 
those used in this smdy, the coupling phenomenon 
must be considered. 

3. The maximum cutter force peaks of the front cutter are 
much larger than those of the gauge cutter. In addition, 
the maximum normal force, tangential force, and side 
force peaks of the front cutter appear once every 5-7 
seconds, and they are much larger than the other 
normal force, tangential force, and side force peaks of 

the same cutter, respectively. This is unreasonable 
from the viewpoint of rock boring. 

4. As the rotation speed of the boring machine is kept 
constant, the penetration rate of the boring machine 
increases with the thrust of the machine. On the one 
hand, in order to increase the boring speed, the thrust 
of the boring machine should be as high as possible i f 
the cracks induced by boring do not have a markedly 
negative influence on borehole or tunnel quality. On 
the other hand, to avoid long medium cracks in the 
bottom or wall of a borehole, the thrust of the boring 
machine should be kept at a proper value. In other 
words, too high a thrust should be avoided i f one wants 
to reduce the crack length or the cracking zone 
surrounding the borehole. 
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In-situ Measurements of Cutter forces of Boring Machine at Äspö 
Underground—II: Characteristics of cutter forces and 

examination of cracks in rock 

Z. X. Zhang*, S. Q. Kou, P-A Lindqvist 
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Abstract 

B y means of spectral analysis, the measured normal forces, tangential forces, and side forces of two button cutters of the boring 

machine in Äspö Hard Rock Laboratory were analysed and the basic characteristics of the cutter forces were determined. Then the actual 

loading rate of the machine in field boring was estimated on the basis of the measured cutter forces. The results show that the actual loading 

rate of the boring machine is within the range of typical quasi-static loading. After the measurements of the cutter forces, some rock core 

samples were taken from the bottom and the wall of the test borehole. Then the samples were cut, polished, and examined by means of the 

Scanning Electron Microscope ( S E M ) . After that, the lengths of the major cracks in the rock samples were measured, and a relationship 

between the length of the medium cracks and the relevant cutter forces was investigated. 

Keywords: In-situ measurement, cutter forces, tunnel boring machine ( T B M ) , cracking zone, nuclear waste repository. 

1. Introduction 

In-situ cutter force measurements have been attempted 
by Hopkins & Foden [1] and Samuel & Seow [2] on the 
disc cutters of tunnel boring machines (TBM), and by 
Zhang et al [3] on the button cutters of a boring machine. In 
addition, Samuel & Seow [2] have described the 
characteristics of the measured cutter forces. However, the 
previous smdies on the characteristics of cutter forces have 
only dealt with disc cutters rather than button cutters. 
Furthermore, no investigation of the cracks induced by 
cutter forces in field rock has been performed so far. 

This paper continues the research reported in Ref. [3]. 
On the basis of the measured cutter forces, the authors 
performed the following studies. (1) The basic 
characteristics of the button cutter forces were investigated. 
(2) The acmal loading rate of the boring machine during 
field boring was estimated. (3) The lengths of the cracks 
induced in the rock were measured. (4) The relationship 
between the cutter forces and the length of the cracks was 
explored. The aims of this paper can be summarised as 
follows: (1) to try to determine the relationship between the 
normal force and the length of the medium cracks on the 
basis of the in-situ measured results, and to compare this 
relationship with the relevant result based on previous 
laboratory studies [4]; (2) to investigate the effects of the 
boring machine's parameters on rock boring and on crack 

formation; and (3) to comment on the design of the boring 
machine with reference to the field measurements. 

2. Characteristics of cutter forces 

Ref. [3] only shows the cutter forces measured during 8 
seconds of boring with the machine. This is not long 
enough to find the basic characteristics of the force signals. 
Therefore, it is necessary to perform spectral analysis of the 
force signals by means of fast Fourier transforms. Here we 
use the MATLAB program to perform the spectral analysis. 
Fig. 1 shows the results of the spectral analysis for both the 
front cutter and the gauge cutter during the first 7 minutes 
of boring in casing 10. From Fig. 1 one can determine the 
maximum, minimum and mean normal force (or tangential 
force or side force) of both the front cutter and the gauge 
cutter during the first 7 minutes of boring. The results 
indicate that the maximum, minimum and mean normal 
forces of the front cutter are 684, -43 and 120 kN, 
respectively. Note that in casing 10 the total thrust is 1568 
kN and the average normal force of each cutter is 
approximately 80 kN. However, the maximum, minimum 
and mean normal forces of the gauge cutter in the same 
period are 104, -69 and -1.2 kN, respectively. It is clear that 
the maximum normal force of the front cutter is much 
larger than that of the gauge cutter. The tangential force and 

* Corresponding author. Tel.: +46-920-91442; fax: +46-920-91935. E-mail address: zhang.zongxian@ce.luth.se (Z.X. Zhang). 

1 



Submitted to International Journal of Rock Mechanics and Mining Sciences 

-Maxpower 2E11 

(a) 

Max normal torce:684 kN 
Mn normal force:43 kN 
Mean normal ferca120kNj 

llåkmitåmikiumå 

Max normal fores 104 kN 
Mn normal farce: -69 kN 
Mean normal force: -1.2 kN 

Max power 2.9E9-

(A) 

3 4 5 
Frequency (Hz) 

7 8 9 10 

X10B 

u 4 

-Max power 1E10 
Maxsideforce:211 kN 
Mn side farce-57 kN 
Mean sideforce:11 kN 

0 1 2 3 4 5 6 7 6 9 10 
Frequency (Hz) 

(b) 

I 1.5 

Max normal farce: 104 kN 
Mn normal farce:-69 kN 
Mean normal farce -1.2 kN 

Max power: 2.9E9-

2 3 4 5 6 7 8 
Frequency (Hz) 

(e) 

Max tangeni a! foce: 145 kN 
Mn tangental foce: -17kN 
Mean tangenlal foce: 7kN 

- Max power 3.3E9 

0 1 2 3 4 5 
Frequency (Hz) 

4.5 

7 8 9 10 

3.5 

3 

J 2.5 

Max tangential foce: 19 kN 
Mn tangental foce: -5.7 kN 
Mean tangental foce: 0.6 kN 

Max power 6.8E7-

2 3 4 5 
Frequency (Hz) 

(c) (f) 

Fig. 1. Power and frequency for cutter forces in Casing 10 (first 7 minutes of boring), (a) Normal force of the front cutter, (b) Side force 

of the front cutter, (c) Tangential force of the front cutter, (d) Normal force of the gauge cutter, (e) Side force of the gauge cutter, (f) 

Tangential force of the gauge cutter. 

2 



Submitted to International Journal of Rock Mechanics and Mining Sciences 

45 

40 
• 

5 o 35 
o 

rd
ed

 

30 
o 
W 
E 25 

-a 20 
E 

o 
CD 

15 

g 
C 
s 

10 

G. 5 

0 

(a) 

Max normal force684 kN 
Mn normal farce:43 kN 
Msan normal 1oroe120kN 

100 200 300 400 500 
Normä foce (kN) 

600 700 

E 
8 30 

g 20 

°- 10 

Max normal fercel 04 kN 
Mn normal ferce:-69 kN 
Mean normal force:-1.2 kN 

(d) 

0 20 40 
Norma1 foce (kN) 

50 
45 

5 40 
o 
o, 

"8 
o, 

"8 35 

p 
o 30 

I 25 
0) 
TL 

sa
m

 

20 

o 
CD 
S3 

15 

c 
g 10 

CL 

5 

0 

Maxsideforce:211 kN 
Mn side fcrce:-57 kN 
Mean sideforce:11 kN 

0 50 100 150 200 
Side foce (kN) 

Max s i de force :52 kN 
Mn side torce-23 kN 
rvtean sideforce:-2 kN 

0 10 20 30 
Side foce (kN) 

(b) (e) 

Max tangenlal foce:145 kN 
Mn tangenlal 1oce:-17 kN 
Mean tangBnial toce:7 kN 

5 35 

5 

E 

S 15 

I 10 

5 

100 120 140 

Max tangenlal foce:19 kN 
Mn tangenlalfoce:-6 kN 

Mean tangsnlä foce.'Oß kN 

\. J • I I III . / 

Tangential foce (kN) 
0 5 10 

Tangential foce (kN) 

(c) (f) 

Fig. 2. Distribution of cutter forces in Casing 10 (first 7 minutes of boring), (a) Normal force of the front cutter, (b) Side force of the front 

cutter, (c) Tangential force of the front cutter, (d) Normal force of the gauge cutter, (e) Side force of the gauge cutter, (f) Tangential force of 

the gauge cutter. Percentage of sample time record = sampling times with an equal F N / total sampling times (here the total sampling 
times=40858). 

3 



Submitted to International Journal of Rock Mechanics and Mining Sciences 

side force of both cutters show similar results. The chief 
reason for these results has been discussed in Ref. [3]. 

From Fig. 1 we can draw the following conclusions. 

• For the front cutter, the main energy components lie in 
the range 0-5 Hz. 

• For the gauge cutter, the main energy components lie 
in the range 0 - 1 0 Hz, because a high level of power 
appears at the frequency f ~ 9 Hz. In addition, 
corresponding to f = 9 Hz, a relatively high level of 
power occurs in the power spectra plot for the side 
force of the front cutter, see Fig. lb . This shows that 
the side force of the front cutter is related to all the 
three directional cutter forces of the gauge cutter. 

• According to Fig. la-c, as f = 0.15 Hz, the second 
highest levels of power relevant to the F N , F T , and F L of 
the front cutter occur. The F N , F T , and F L 

corresponding to f = 0.15 Hz should be the two highest 
peak values in Fig. 11a, lb , and lc in Ref. [3], 
respectively. This is because these peak forces appear 
in the period T = 5 - 7 seconds. Under such peak cutter 
forces, the rock beneath the cutter should definitely be 
broken. 

Fig. 2a indicates that most of the normal force of the 
front cutter is concentrated in the region of F N = 0 -100 kN, 
and the rest in the range of F N = 100 - 680 kN where most 
of the normal force peaks are simated. According to Ref. 
[3], only when F N > 60 kN, might the rock beneath the 
cutter be fragmented. However, excessively high normal 
forces which are much higher than 60 kN are unnecessary 
to rock boring. Thus the distribution of the normal force in 
the figure has better be improved further. In other words, a 
good distribution of the normal force should avoid those too 
high normal force peaks. 

From Fig. 2b, it can be found that the side force of the 
front cutter is usually non-zero, and the maximum side 
force is quite large. However, for the boring machine, as 
well as its cutters, the side force had better be zero. The 
reason for the large side force in the present boring can be 
explained as follows. A large horizontal force is possibly 
formed by the side forces from each cutter and then applied 
to the machine. This horizontal force makes the machine 
shake or move in the horizontal direction that is 
perpendicular to the axis of the borehole. Furthermore, such 
a horizontal force gives rise to an increase in the roughness 
of the borehole wall and even creates some grooves in the 
wall. Therefore, the side force should be reduced to as 
small a value as possible. Particularly, a large side force 
should be avoided. For example, the distribution curve for 
the side force in Fig. 2b should be concentrated in the area 
around F L= 0 kN. Similarly to the case of normal force in 
Fig. 2a, the distribution of the tangential force should also 
avoid those very high tangential forces. 

As described above, the cutter forces of gauge cutter 
18A are much smaller than those of the front cutter. In 
other words, the gauge cutter does not play a major role in 
rock fragmentation. 

In conclusion, from Fig. 1 we can find that the design of 
the cutters is not so good, because a large side force is 
caused during boring. Such a side force will probably give 
rise to a large horizontal force for the boring machine. This 
is not only harmful for the stability of the machine, but also 
bad for the smoothness of the borehole wall. In addition, 
from the measured cutter forces shown in Ref. [3], we note 
that the maximum cutter forces (or the forces close to the 
maximum values) periodically appear once every 5-7 
seconds. This is reflected in the part of the frequency < 0.2 
Hz in Fig. 1. It looks that rock boring does not only rely on 
the maximum forces, because most of the cutter force peaks 
which are smaller than the maximum ones should be 
enough to fragment the rock beneath the cutter. I f so, we 
should avoid such maximum cutter forces appearing in rock 
boring, because excessively high cutter forces are not good 
for the machine. 

3. Estimate of loading rate of boring machine in field 
boring 

It is first defined that K I c is the fracture toughness of the 
rock at Äspö, T c the critical time (the time from zero force 

to the peak of a normal force fluctuation), and k the 
loading rate. Here we assume that the crack starts to be 
unstable at the peak value of every normal force 
fluctuation. According to the measured results for the 
normal force in casing 10 shown in Fig. 3, the T c in every 
force fluctuation can be approximately determined. The 
result indicates that as F N > 60 kN, T c is between 0.019 
seconds and 0.2 seconds, i.e. T c = 0.019 - 0.2 s. According 
to the definition in dynamic fracture mechanics we have: 

k=Klcnc (1) 

According to the measured results for gabbro fracture 
toughness [5], K l c = 3 - 60 MPa m' / !. Here the maximum 
fracture toughness of gabbro was obtained in high-speed 
impact loading. Assuming that the fracture toughness of the 
two rocks at Äspö underground is within K I c = 3 - 60 MPa 
m , then the actual loading rate of the boring machine 
should be 

k = 10 1- 1 0 3 M P a m ' V (2) 

This belongs to typical quasi-static loading. Under such 
quasi-static loading, according to a study on Fangshan 
gabbro and Fangshan marble, the fracture toughness of the 

rocks is almost constant (as the loading rate k< 104 MPa 
m^ s"1) and it is much smaller than their dynamic toughness 
[5]. In addition, the energy utilisation is much higher in 
quasi-static loading than in dynamic loading [6]. This 
shows that the loading rate of the boring machine is proper 
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from the viewpoints of both rock fracture and energy 
utilisation. However, a big potential for increasing the 
boring speed of the machine still exists, because the loading 
rate of the machine could be increased to 104 MPa m' / ! s"1 by 
increasing its rotation speed, etc., while the fracture 
toughness and energy utilisation are still kept small and 
high respectively. 

4. In-situ rock sampling 

4.1. Determination of rock sampling positions 

According to the field photograph shown in Fig. 4, it 
can be determined that during the last rotation of boring, i.e. 
the last rotation of the cutter head of the boring machine 
before boring was stopped, most buttons in the button 
cutters produced a small crater on the bottom of the 
borehole. This shows that most of such small craters on the 
surfaces of the core samples taken from the bottom should 
have been produced during the last rotation of boring. 
However, this does not exclude the possibility that a small 
number of the craters on the surfaces of the core samples 
were produced in previous rotations. Furthermore, it is 
considered that the craters produced in previous rotations 
should be smaller than those produced in the last rotation of 
boring. 

On the basis of the above description, it is considered 
that the relatively large craters on the surfaces of the core 
samples taken from the bottom should mainly be connected 
to the cutter forces in the last rotation of boring. In other 
words, we should relate the sampling positions mainly to 
the cutter force data in the last rotation of boring. 

In order to examine the cracks induced by mechanical 
boring, the optimum sampling positions should be the 
places corresponding to the maximum normal forces in the 
last rotation of boring. However, sampling at these 
positions proved difficult due to the limitation of core 
drilling in-situ. For example, two cases were sometimes 
encountered in the originally planned sampling positions 
during core drilling in-situ: (1) there were clear joints, and 
(2) core samples were broken during core drilling. Thus, in 
the core drilling we were only able to approach the 
positions with the maximum normal forces i f the above two 
cases occurred. On the basis of the above considerations, 
the final sampling positions were determined, and they are 
shown in Fig. 5. 

The rock core samples taken from the final positions are 
named B M I , BM2, BM3, BM4, BSA and BSB. The 
relevant data for the samples corresponding to cutter 10 and 
cutter 18A are shown in Table 1 and 2. In the tables, the 
angle a stands for the instant position of cutter 10 from the 
zero axis shown by "Äspö 0°" in Fig. 5. The angle Oo 
stands for the instant position of cutter 18A from the co
ordinate shown by "0°" in Fig. 5. The values of OQ are 
included in the data measured in the field. Three sampling 
positions corresponding to disc cutters were also chosen so 
that we might make a comparison with the cracks induced 
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Fig. 3. Estimate of actual loading rate of boring machine. 

by the disc cutters. In addition, four other positions on the 
wall of the borehole were selected for examining the cracks 
in the wall. Besides, two other samples were taken from the 
wall of the first test borehole that was completely drilled by 
disc cutters so as to compare the quality of the two 
boreholes. The geological conditions in the sampling 
positions are basically the same as most of the rock in the 
two boreholes. 
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Fig. 4. Photograph of the bottom of the borehole. 
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Table 1 
Samphng positions on the bottom for cutter 10 

No. of sample Co-ordinate Angle a (from etc from sampling Inclination (degree) 

Z ( m ) Äspö 0 point) data 

BM1 -425.5 331 55 -90 

BM2 -425.5 9.5 -266.5/93.5 -90 

BM3 -425.5 158 -118/242 -90 

BM4 -425.5 254.4 -21.6/338.4 -90 

Table 2 
Sampling positions on the bottom for cutter 18A 

No. of sample Co-ordinate Angle ß (from Oo from samphng Inclination (degree) 

Z(m) Äspö 0 point) data 

BSA -425.3 198.4 -17.6/342.4 -20 

BSB -425.3 36.3 -179.7/180.3 -20 

Fig. 6. Co-ordinates of craters produced on surfaces of rock core samples. The shadows represent the parts of the core samples that 

remained after cutting. The remaining parts were used to investigate cracks. The thicker lines in the shadows indicate the polished surfaces 

on which the crack examinations were performed. 
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Furthermore, the rock samples taken from the borehole 
show that there are usually multi-craters, produced by the 
buttons in the respective cutter, on the surfaces of the 
samples. Fig. 6 indicates the co-ordinates of the craters on 
the surface of each sample. The sizes of all the craters are 
basically divided into two kinds: large or small. It is 
considered that the large craters on the surface of one 
sample were produced during the last rotation of boring, 
because the distance between two such large craters is 
approximately equal to that between neighbouring buttons 
in the cutters. For example, the shortest distance between 
two neighbouring craters is about 45 mm. This is equal to 
the distance between two neighbouring buttons located on 
two different rows of the cutters. Thus, the co-ordinates of 
all the craters can be determined approximately. They are 
listed in Table 3. 

Correspondingly, the normal forces related to each 
crater are shown in Fig. 7 and listed in Table 4. The vertical 
axis on the right side in Fig. 7 indicates the angle of the 
cutter position in the borehole. The broken lines in Fig. 7 
stand for the 0CG measured in the field. This implies that the 
in-situ measurement of the instant angle Oo is quite 
approximate. That is why we determined the corresponding 
normal forces of each crater from the shadow areas in Fig. 
7. In order to make this easily understood, a slanting 
shadow area covering the broken line in Fig. 7 is used to 
show the etc measured during field boring. In addition, the 
C X Q related to each crater in the core-rock samples is 
indicated by a horizontal dash line in Fig. 7. Such an etc 
was calculated from a or ß accurately determined when the 
rock core samples were positioned and taken out in field. 
Thus, it is possible that a number of normal force peaks 
within the overlapped area of a horizontal dash line and the 
slanting shadow area are the normal force that in fact 
produces the relevant crater in a core sample. On the basis 
of the above description, we take a range of normal forces 
from minimum to maximum in the overlapped area as the 
normal force to be determined. However, in determining 
the minimum and maximum normal forces, the following 
three factors were considered. (1) The time between two 
neighbouring craters (such as B M 1 ( A ) and BM1 ( B ) ) in each 
core sample shown in Fig. 7 should be as equal as possible 
to each other. (2) The time between any two rock samples 
in Fig. 7 should be as constant as possible. (3) Only as F N > 
60 kN, might the crater be produced by a button. In other 
words, the selected normal force peak should be equal to or 
greater than 60 kN. Considering these factors, the minimum 

normal forces (with the symbol of a small circle) and the 
maximum normal forces (with the symbol of a small 
square) were determined, and they are shown in Fig. 7. 

In addition, according to the above description, the 
crater B M 4 ( C ) was probably produced in the penultimate 
rotation of boring. This can also be confirmed by the fact 
that there is no other peak force near the crater BM4 ( A ) . 
Thus the force relevant to B M 4 ( C ) should be determined by 
the results measured for the penultimate rotation of boring. 
This is shown in Fig. 7b. For the craters BSA ( A ) and BSA ( B ) , 
from Fig. 7c for the last rotation of boring, the possible 
maximum force is only 42 kN. It is considered that such a 
normal force cannot produce a crater in rock as analysed in 
Ref. [3]. Therefore, we should find their respective normal 
forces in the penultimate rotation shown in Fig. 7d. 
Following this procedure, we can obtain the results 
indicated in Fig. 7 and Table 4. 

Table 3 a 
Samphng positions on the bottom for cutter 10 

No .o f Co-ordinate Z Angle a O g f rom 
sample or (m) (from sampling data 
crater Äspö 0 point) 
BM1 -425.5 331 55 
B M 1 ( A ) -425.5 332.2 56.2 
B M 1 ( B ) -425.5 328.2 52.2 
BM2 -425.5 9.5 -266.5/93.5 
B M 2 ( A ) -425.5 12.2 -263.8/96.2 
B M 2 9 " -425.5 10.1 -265.9/94.1 
BM3 -425.5 158 -118/242 
B M 3 ( A ) -425.5 157 -119/241 
BM4 -425.5 254.4 -21.6/338.4 
B M 4 ( C ) -425.5 256 -20/340 
B M 4 < A ) -425.5 251.4 -24.6/335.4 

Table 3b 
Samphng positions on the bottom for cutter 

No. of Co-ordinate Z Angle ß O g from 
sample or (m) (from samphng data 
crater Äspö 0 point) 
BSA -425.3 198.4 -17.6/342.4 
BSA < A ) -425.3 196 -20/340 
B S A W -425.3 198.4 -17.6/342.4 
B SB -425.3 36.3 -179.7/180.3 
BSB < A > -425.3 38.9 -177.1/182.9 

Table 4 
Normal forces corresponding to each crater on the samples 

Crater No. Normal Crater Normal Crater Normal 
force (kN) No. force (kN) No. force (kN) 

B M 1 < A ) 150-375 BM3 ( A> 130-253 BSA ( A > 70-106 
BMI™ 150-525 BSA 3 " 60-78 
B M 2 ( A ) 150-281 B M 4 ( A ) 160-532 BSB ( A ) 62-103 
BM2 < B > 134-330 B M 4 ( C > 150-240 
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Fig. 7. Normal forces relevant to each produced crater. 

4.2. Rock properties 

Two kinds of core-rock samples were taken from each 
sampling position. The first kind was for crack examination 
and the second for strength testing. The diameter of the first 
kind of sample is D=105 mm, and the length L=300 mm. 

The diameter of the second kind is D*= 40 mm, and the 
length L*=600 mm. The core samples BS A and B SB were 
taken out at an angle of 20 degrees with the horizontal 
direction of the bottom. 
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Table 5 
Rock properties 

Rock types Aspö diorite Granite 

Uniaxial compressive strength, o c (MPa) 86(7)* 97(8) 

Standard deviation 28.2 46.2 

Brazilian tensile strength, a, (MPa) 7.7(7) 10.2(8) 

Standard deviation 2.3 2.7 

Young's modulus, E (GPa) 47.9(7) 49.5(8) 

Standard deviation 14.1 14.5 

Poisson's ratio, v 0.24(7) 0.24(8) 

Standard deviation 0.1 0.1 

* The figure in brackets on each row means the quantity of the test samples in question. 

The rock within and around the borehole can be 
basically divided into two kinds: Äspö diorite and granite. 
The geological data provided by Äspö Hard Rock 
Laboratory show in detail the rock types of each core 
sample. According to the data, rock specimens of each type 
were selected for strength testing. A l l in all, the uniaxial 
compressive strength, uniaxial tensile strength (determined 
by the Brazilian test), Young's modulus, and Poisson's 
ratio of the two rocks were measured. The results are shown 
in Table 5. 

5. Relationship between crack length and cutter forces 

5.1. Crack length measured from core samples 

In order to examine the cracks induced by mechanical 
boring, we cut each rock sample as shown in Fig. 6. The 
sections marked with thick lines were used in examining 

the cracks produced by mechanical boring. Usually on each 
of the sections there are one or two craters that were 
produced by the buttons of the button cutter. Surrounding 
the craters, one or more cracks with different sizes can be 
clearly seen by means of the Scanning Electron Microscope 
(SEM). However, it is not easy to see such cracks clearly by 
the naked eye. This indicates that the magnification chosen 
in the SEM experiments is related to the results for the 
crack examination. A proper magnification is one that is 
large enough to see the main cracks very clearly, but not so 
large that too many photographs have to be taken in the 
SEM experiments. On the basis of initial tests, we chose 20 
as a fixed magnification for the SEM experiments. Fig. 8 
shows the results of the SEM photography. The crack 
system of each crater was continuously photographed. On 
the basis of the photographs, we are able to measure the 
length of each major crack induced by mechanical boring. 
The measured results are compiled in Table 6. 

Table 6 

Medium crack length (Lm) and side crack length (Ls) induced by mechanical boring 

No. Lm L , FN D Rock type 

(mm) (mm) (kN) (mm) 

B M 1 ( A ) 

8.57* 15 150-375 24 Äspö diorite 

B M l m 

13.93* 18.57* 150-525 24 Äspö diorite 

B M 2 < A ) 

17.86 21.43* 150-281 24 Äspö diorite 

B M 2 ( B ) 134-330 24 Äspö diorite 

B M 3 ( A ) 

16.57 17.14* 130-253 24 Granite 

B M 4 ( A ) 

27.14 17.86 160-532 24 Äspö diorite 

B M 4 ( C ) 

16.43 17.14* 150-240 24 Granite 

BSA ( A ) 

7.86* 14.29 70-106 24 Granite 

BSA 0 » 5.71* 18.57* 60-78 24 Granite 

BSB < A ) 

7.86* 10.71* 62-103 24 Granite 

*In this case, a major medium crack or side crack was not found in the section of a core sample. One possible reason is that the section does not reach the 

position in which the major crack is located. Therefore, the Lm and L, with the symbol "*" in Table 9 were approximately determined according to the sizes 

of the craters produced by the relevant buttons. Naturally, such an L„ or Ls would be smaller than a real one. 
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5.2. Theoretically predicted length of medium cracks 

According to Kou [4], the relationship between the 
indentation force of a hemispherical indenter and the length 
of the medium crack induced in rock is 

L m

3 / 2 ( E G ' C ' ) ' / 2 /F N = 2.8xl0"2 + 3 .09x l0" 2 ( - ^ - r - ) (3) 
1 - V 2 (Tcd

2 

Where —length of the medium crack in the rock, 
E—Young's modulus of the rock, 
Gic—energy release rate of the rock, 
v—Poisson's ratio of the rock, 
0"c—uniaxial compressive strength of the rock, 
d—diameter of the hemispherical indenter. In this 

study the indenter is actually the button of the cutters, and d 
= 24 mm. 

0 200 400 600 
Normal force (kN) 

(a) 

It should be pointed out that equation (3) was based on the 
experimental results from the rock mechanics laboratory. 
The theoretical derivation was based on the following 
assumptions: a rigid hemispherical indenter, a semi-infinite 
rock mass, a static load, an isothermal process, as well as 
homogeneous and isotropic rock material, etc. The field 
condition is different from these assumptions to a certain 
extent. However, it is still valid to make a comparison 
between them. According to linear elastic fracture theory 
for plain strain problems, the energy release rate and the 
fracture toughness have the following relationship: 

G I C = ( l - v 2 ) K I c

2 / E (4) 

where K l c is the mode-I fracture toughness of the rock. 
When K i c is not measured directly, it can be approximately 
calculated by the following equation [7]: 

200 400 
Normal fo rce (kN) 

o-t = 8.88 0.62 
(5) (b) 

where a t is the tensile strength of the rock. Thus we have 
Fig. 9. Relationship between the normal force and crack length. 

K f c = 0.79 MPa mA and G T C = 12.28xl0"6 MPam for Äspö (a) medium cracks, (b) side cracks, 
diorite, 

and 

K l c = 1.25 MPa m' /2 and G I C = 29.75xl0"6 MPam for 
Granite. 

Finally we can obtain the relationship between the normal 
force F N and the length of the medium crack: 

L m = (0.04 F N +0.78 F N

2 f 3 for Äspö diorite (6a) 

L,,, = (0.02 F N +0.44 F N

2 ) 2 / 3 for Granite (6b) 

where F N is in " M N " and in "m". The results from 
equation (6) are presented by two solid lines in Fig. 9a. The 
measured crack lengths with their respective normal forces 
are shown by horizontal solid and dashed lines with two 
different dot symbols in the figure. From Fig. 9a we can see 
that the theoretical length of a medium crack shown by the 
two solid lines is always larger than the actual length by a 
few times under a certain normal force. The big difference 
between the theoretical and the actual lengths is probably 
caused by the following three major factors. (1) The 
theoretical result is based on a smooth rock surface into 
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which an indenter or button is pressed, while the actual rock 
surface in the field is often very rough. (2) The theoretical 
rock surface is always clean, i.e. it has no previously 
crushed or broken rock pieces. However, the actual rock 
surface often contains some of the previously produced 
rock pieces. Such rock pieces, in the authors' opinion, 
greatly reduce the crack length in the field. (3) There is a 
difference between the confinement of field rock and that of 
the laboratory rock on which the theoretical result is based 
due to the existence of tectonic pressure in the field. The 
tectonic pressure is an additional confinement to the plane 
strain condition. It increases the compressive strength and 
energy release rate in equation (3) and wil l reduce the crack 
length further. 

Assuming that an average value of the measured 
minimum and maximum normal forces corresponding to a 
crater is the acmal normal force causing the crater, we can 
then find that the measured lengths of the medium cracks 
basically increase with increasing normal forces. This is 
similar to the theoretical result. Moreover, the theoretical 
result can be approximately modified by multiplying 
equation (6) by a certain coefficient. Thus, the modified 
equation can be used to predict the crack length or cracked 
zones induced by mechamcal boring in practice. The 
modified result corresponding to equation (6) is shown in 
equation (7). 

Thrust 

Saddle 

Fig. 10. Diagram of loading process of the button cutters. 

L m = Ci (0.04 F N +0.78 F N

2 ) 2 ' 3 for Äspö diorite (7a) 

= C 2 (0.02FN +0.44 F N

2 ) 2 / 3 for Granite (7b) 

where Q and C 2 are modification coefficients which should 
be less than or equal to 1. In addition to the medium cracks, 
we measured the lengths of the side cracks. The result is 
shown in Table 6 and Fig. 9b. We can also see that the 
length of the side cracks has a weak increasing tendency 
with increasing normal forces. 

In addition to the samples for the button cutter, three 
samples for the disc cutter were also taken from the bottom 
of the test borehole. Unfortunately, we did not measure the 
cutter forces of the disc cutters in the field due to the 
limitation of the testing system. Therefore, we cannot 
quantitatively compare the crack sizes induced by the 
button cutter and those induced by the disc cutter. In 
addition, i t was found that no large medium cracks could be 
seen in the samples taken from the side walls of both 
borehole 1 and borehole 2. And we did not find clear 
differences between the crack sizes made by the disc cutters 
in the side wall of borehole 1 and those made by the button 
cutters in the side wall of borehole 2. 

6. Discussion 

6.1. Relationship between normal forces and length of 

medium cracks 

As described above, the theoretical length of a medium 
crack produced by a hemispherical button is approximately 
a few times as long as the actual measured average length 
when the normal (or indentation) forces of the theoretical 
case and the field case are equal. The big difference is 
possibly caused by three factors, which is discussed above. 
Therefore, a further fundamental study on the relationship 
between a normal force or indentation force and the length 
of a medium crack (or other cracks) is necessary. Because 
the theoretical result shown in equations (3) or (6) was 
based on laboratory indentation tests that seldom 
considered rock confinement, the roughness of the rock 
surfaces indented, and the rock debris on the surfaces, the 
further fundamental and laboratory study should consider 
such factors. In addition, a series of field tests, including 
cutter force measurements and crack examinations, are also 
necessary so as to verify or modify relevant theoretical 
results. 

6.2. Boring machine design and borehole quality 

The excavation at the Äspö underground site shows that 
the boring machine design is related to the quality of the 
borehole. For example, when the boring machine was 
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installed with all the disc cutters, the borehole wall was 
smooth. However, when the machine was installed with 16 
button cutters and 4 disc cutters, the wall of the borehole 
was very rough and many grooves were produced. The 
major reason for the difference in the wall's quality 
between the two cases is that the button cutters cause a 
large side force that is applied to the boring machine, see 
Fig. 10. This makes the machine move in the horizontal 
direction and against the wall of the borehole. Because 
there are many metal buttons on the surface of the drilling 
pipe (a stationary part of the machine), the metal buttons 
are pressed into the wall of the borehole by the side force. 
Thus, the grooves on the wall of the borehole are produced. 

The above description does not mean that any kind of 
button cutter wi l l definitely cause a large side force on a 
boring machine. However, this depends on what kind of 
button cutter is used, and particularly on the button 
distribution. The button cutter shown in Fig. 10 definitely 
causes a large side force because the distribution of the 
two-row buttons is not symmetric. Therefore, such a 
distribution of the buttons should be avoided in the design 
of the boring machine, so that the side force induced may 
be reduced to as small a value as possible. 

7. Conclusions 

1. The measured maximum normal force of the front 
cutter is much larger than the average normal force 
(thrust) of the same cutter. Such a maximum normal 
force appears once every 5-7 seconds. However, from 
the viewpoint of rock boring, such a high normal force 
is unnecessary. 

2. The loading rate of the boring machine is within quasi-
static loading. Such a loading rate is proper for rock 
fracture and fragmentation. However, this loading rate 
could be greatly increased to a high value such as 104 

MPanrV 1 . I f such an increase were to be achieved, the 
boring speed of the machine would be highly 
improved, while the cracked zone would not be 
increased i f the thrust were kept constant. 

3. According to measurements for core-rock samples 
taken from the field, the average length of the medium 
cracks increases with increasing normal forces of the 
button cutters. Therefore, on the one hand, to increase 
the penetration rate of a boring machine, the thrust of 
the machine should be increased. On the other hand, in 
order to avoid long medium cracks in the bottom or 

wall of a borehole, the thrust of the boring machine 
should be kept to as small a value as possible. In other 
words, too high a thrust should be avoided i f we want 
to reduce the crack length or the cracked zone 
surrounding the borehole. 

4. The design of the button cutters of the boring machine 
used in this study needs to be improved. The 
asymmetrical distribution of the buttons in the cutters 
induces a side force. Such a side force from each cutter 
easily gives rise to a large side force that is applied to 
the boring machine. This is harmful to both the boring 
machine and the quality of the borehole, because the 
large side force causes shaking of the boring machine. 
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1. Introduction 

A boring machine usually breaks and excavates rock by 
means of the multi-cutters installed in its cutter head. 
During continuous rotation, the cutters continually break 
the rock beneath them. In field rock excavation, this process 
always lasts several hours without stopping. The cutters 
themselves, therefore, become hotter and hotter as the 
process continues. I f the temperature in the cutters is too 
high, the material properties of the cutters will be worsened, 
and in turn their surface wear wil l speed up. In addition, the 
mechanical properties of the rock beneath the cutters will 
possibly also be affected more or less due to the high 
temperature. Therefore, it is necessary to measure the actual 
cutter temperature of a boring machine, so that the 
influence of temperature on the boring machine can be 
considered in the design of boring machines. 

This note presents the results of in-situ cutter 
temperature measurements for a boring machine named the 
Boretec DS 1.6 TBM. The boring machine was used for 
boring a series of vertical holes with a diameter of 1.8 m in 
Äspö Hard Rock Laboratory in Sweden, where research is 
conducted underground in the field of nuclear waste 
repositories. The total designed maximum thrust of the 
boring machine was 2470 kN, and the rotation speed of the 
cutter head of the machine was 0 to 20 rpm. A total of 20 
cutters (16 button cutters and 4 disc cutters) were installed 
in the cutter head during the in-situ measurements. The in-
situ temperature measurements were performed in a front 
button cutter when a testing borehole was bored. The 
vacuum method was used to move the cuttings out of the 
borehole. The rock types in the area for in-situ 
measurements are mainly Äspö diorite and granite. Both 
rocks are fine-grained, massive and relatively 
homogeneous. In addition, no underground water appears 
during the in-situ measurements. 

2. Temperature measurements 

2.1. Instrumentation and measurement method 

A special temperature gauge, named the ETG-
50A/Option E, was used to measure the temperature of one 
cutter of the boring machine. Two such gauges with the 
LST Matching Network LST-10C-350D were employed. 
They can work at temperatures of -150° to +260°C. The 
gauges were manufactured by the Measurements Group of 
the Micro-Measurements Division in the USA. Because the 
gauges were to work in tough field environments, the glue 
M-Bond 610 was used to bond the gauges onto the shaft. 
This glue is suitable for dynamic stress analysis and can 
work at temperatures of -269° to +370°C. After the gauges 
were bonded onto the surface of the shaft, a protection 
material (silicone rubber) 3145-RTV was put on the gauges. 
This material can stand temperatures of -75° to +315°C. 
The position of the gauges was on the lowest surface of the 
cutter shaft, see Fig. 1. The shaft diameter is 70 mm. The 
saddle span is about 182 mm. 

The gauges in the positions T l and T2 were connected 
in the bridge circuit as shown in Fig. 1. The circuit package 
was protected in a box and located in a suitable place 
behind the cutter head. 

The telemetry method was employed to acquire the 
signals from the cutter. The telemetry system consists of a 
transmitter, a receiver, and a power supply. The system was 
designed specifically for field use and it can stand field dust 
and humidity. The transmitter was used to transmit the 
temperature signals from the gauges to the receiver. The 
transmitter is portable and can stand vibration, high 
temperature (up to +85 °C) and high acceleration. It was 
installed at the back of the cutter head. The receiver was 
used to pick up and amplify the temperature signals from 
the transmitter. The receiver antenna was positioned on the 
upper part of the boring machine. The receiver and a 
computer were housed in a control cabin for safety and easy 
data acquisition, see Fig. 2. The frequency of both the 
transmitter and the receiver can reach 300 kHz. The 
software Ochestrator was used for data acquisition. The 
power supply to the gauges is a battery which has an 
operating time of up to 4 hours and is compact and easy to 
handle. 

* Corresponding author. Tel.: +46-920-91442; fax: +46-920-91935. E-mail address: zhang.zongxian@ce.luth.se (Z.X. Zhang) 
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T 1 Fig. 2. Field testing system. 

Output 

Bridge design 

Fig . 1. Temperature gauge arrangement and bridge circuits. T l 

and T 2 are temperature gauges. F N , F T , and F L are the normal 

force, tangential force, and side force on the cutter, respectively. 

2.2. Testing system 

The whole testing system in the field is shown in Fig. 2. 
After laboratory calibration, the cutter used in the 
temperature measurements was installed in the boring 
machine, and it was positioned at the front of the cutter 
head. It is therefore called the front cutter. Then the 
transmitter was installed on the cutter head. The transmitter 
and the temperature gauges were connected to each other 
with cables 3. In addition, the antenna of the receiver was 
installed on the stationary part of the machine. A cable from 
the antenna was connected to the receiver, and then the 
receiver was connected to the computer in the cabin in the 
field. In this testing method signal transmission is 
performed by the telemetry system mentioned above. The 
field tests started from field function tests at Äspö 
underground site. The function tests were successful. The 
whole field tests were only performed in one borehole 
numbered "2". Another borehole numbered " 1 " , adjacent to 
borehole 2, had been finished first by the same machine. 
The cutter head of the boring machine had a total of 20 
cutters. Borehole 1 was bored with all the disc cutters, but 
borehole 2 was bored with 16 button cutters and 4 disc 
cutters. Borehole 2 was divided along its depth into 10 
casings, see Fig. 3. The depth of each casing was equal to 
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T 
Casing 10: Thrust=1568 kN 

Fig. 3. Borehole 2 and its casings. 

0.8 m. As soon as each casing was finished, other forms of 
measurements had to be carried out without boring for two 
hours or so. After that, the boring recommenced for the 
next casing. The rotation speed of the machine was 15 rpm 
in casing 2, and 10 rpm in the other 9 casings. The thrust of 
the machine was changed in the different casings. 
According to previous experience, the main energy 
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components corresponding to cutter forces lie in the range 
of signal frequency 0-10 Hz [1]. Therefore, we chose 100 
Hz as the sampling frequency for temperature 
measurements in the field tests. 

2.3. Calibration method 

Calibration was performed in the Rock Mechanics 
Laboratory of Luleå University of Technology. As shown 
in Fig.4, the cutter together with the shaft is put into an 
oven. A cable connects the cutter to the transmitter outside 
the oven. The telemetry system is connected to a computer. 
As the temperamre in the cutter varies, the computer can 
record the data on both the voltages from the gauges and 
the real temperature from the oven itself. Considering the 
safety of the cable, which can normally work below 90°C, 
the highest temperature in the laboratory calibration is 
chosen to be 55°C. The results of the calibration for the 
cutter are shown in Fig. 5. From Fig. 5 it can be found that 
the average heating rate of the oven is approximately 2.8°C 
per hour. At such a low heating rate it is assumed that the 
temperature on the cutter surfaces, including the two ends 
of the shaft, is the same as that in the whole shaft. 
Therefore, the temperature in the oven should be equal to 
that in the shaft. Furthermore, the temperature measured in 
the field should actually be that of the shaft. Exactly 
speaking, the temperature measured should be that of the 
shaft surfaces where the two gauges were bonded. 

As described above, the highest temperature in the 
laboratory calibration is only 55°C due to the safety of the 
cable. However, the actual temperature in the shaft in field 
excavation is probably higher than 55 °C. Thus the 
calibration in the range of 0-55°C is not enough to meet our 
requirements for temperature measurements. However, 
because the temperature and voltages shown in Fig. 5 have 
quite a good linear relationship, we can prolong the fitted 
straight line directly forward. In other words, it is supposed 
that the calibration equation in Fig. 5 can be used to 
determine the real temperature in the shaft. 

Oven 

Cutter with shaft 

< \.> 
/ \ *jy* 

/ m jy% v 

•r* - 1 -s. 
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Metal protection box 
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Fig. 4. Calibration system for temperature. 
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Fig. 5. Relationship between temperatures in oven and voltages 

from temperature gauges. 

2.4. Calibration equation 

The above calibration results were obtained without 
considering the effects of cutter forces on the temperature 
measurements. So it is necessary to check i f such effects 
exist. In the laboratory force calibration, the temperature in 
the shaft of a cutter was equal to the room temperature. 
During any single calibration, which usually lasted 10-15 
minutes, there was almost no change in the room 
temperature. Thus, any variation of the voltage from the 
temperature gauges during the force calibration should only 
be caused by the change in the cutter forces. The calibration 
results were positive in that they showed that the cutter 
forces did not influence the temperature measurements. Fig. 
6 is the result of one laboratory calibration. From this figure 
we can see that, as three forces change greatly, the voltage 
from the temperature gauges does not vary. Naturally, we 
can directly apply the results shown in Fig. 5 to determine 

£ 0.0 

Normal fo rce 

Voltage from temperature gauges 

7 
Tangent ia l force S ide force 

200 400 

Time (s) 

Fig. 6. Effect of cutter forces on temperature measurements. 
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the real temperature in the shaft during field boring, and do 
not need to consider the effects of the cutter forces on the 
temperature measurements. The calibration results in Fig. 5 
can be expressed as the following equation: 

T = 20.85 -78.13 V (1) 

where T is the cutter temperamre in centigrade and V the 
measured voltage from the gauges. Using equation (1), we 
can obtain the cutter temperature according to the voltages 
measured during the field excavation. 

3. Results and discussion 

On the basis of equation (1), the cutter temperature in 
casing 8-10 was determined and the results are shown in 
Fig. 7. The different symbols in the figure represent the 
measured results. Each symbol stands for the average 
temperature during 3.3 seconds of excavation. The solid 
lines are the fitted results. From Fig. 7 we can draw the 
following conclusions: 

1. The temperature in the shaft is mainly caused by the 
heat conducted from the cutter surface rather than by 
the heat produced from the friction between the shaft 
surface and the inner surface of the cutter due to the 
cutter rotation. Otherwise, the first straight line in Fig. 
7 would have the same slope as the second line. 

2. The temperature on either the cutter surface or the shaft 
surface is mainly dependent on the boring time, i f the 
rotation speed is kept as a constant. The thrust of the 
boring machine almost does not influence the 
temperature. This can be seen from Fig. 7a. In this 
figure the thrust in casing 8 is markedly larger than that 
in casing 10. However, the slopes of their second lines 
and third lines are the same. 

3. The relationship between the temperature and the 
boring time for each casing can be expressed by using 
three-part straight lines. The first line shows the 
variation of the cutter temperature in the initial period 
of each casing. This period lasts about 7-14 minutes. 
On the one hand, the temperamre in the shaft decreases 
continuously in this period due to the temporary 
interruption of boring after the completion of the 
previous casing. On the other hand, the increasing heat 
from the cutter surface due to the resumption of boring 
is transferred into the shaft, and the temperature in the 
shaft starts to rise. Thus, the temperature on the shaft 
surface increases slowly compared with the subsequent 
two periods. 

4. The second straight line describes the cutter 
temperature under 75 °C or so. During this period the 
difference between the cutter temperature and the air 
temperature surrounding the cutter is not so large, so 
the heat loss in the process of heat conduction from the 
cutter surface to the shaft is small or can be neglected. 
In other words, it can be assumed that the second line 
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approximately expresses the variation of the 
temperature on the cutter surface. 

5. When the difference between the cutter temperature 
and the air temperature surrounding the cutter increases 
to a certain degree, the heat loss through radiation in 
the process of heat conduction from the cutter surface 
to the shaft augments greatly. Therefore, the third 
straight line in Fig. 7 can only stand for the temperature 
on the shaft surface rather than that on the cutter 
surface. Naturally, the temperature on the cutter surface 
should be higher than that on the shaft surface. 

6. The cooling time (or the duration of the temporary 
interruption of boring) between two neighbouring 
casings influences the slopes of the straight lines inFig. 
7. For example, the cooling times between casing 7 and 
casing 8, casing 8 and casing 9, and casing 9 and 
casing 10 are 190 minutes, 910 minutes, and 253 
minutes, respectively. Because the difference between 
190 minutes and 253 minutes is not large, the second 
and third straight lines for casing 8 have the same 
slopes as the corresponding lines for casing 10 in Fig. 
7a. However, because 910 minutes is much longer than 
190 minutes or 253 minutes, the slopes of the second 
and third lines for casing 9 in Fig. 7b are greater than 
the corresponding slopes for casing 8 and casing 10. 
Moreover, it can be found that the influence of the 
cooling time on the slopes of the straight lines 
decreases with increasing boring time. For example, 
the influence of the cooling time on the slope of the 
third line is smaller than the corresponding influence 
on the slopes of the first and second lines. Therefore, 
for practical applications, the influence of the cooling 
time can be neglected, since our attention should be 
focused on boring for long periods rather than on 
boring for short periods. 

On the basis of the above description, equation (2) and 
(3) below may be used to predict the shaft temperature of 
the cutter. 

T = A i t + B] t < 45 minutes (2) 

T = A 2 1 + B 2 t > 45 minutes (3) 

where A 1 ? B } , A 2 , and B 2 are the parameters determined by 
the measured data from Casings 8-10. Their values are A] = 
1.12, B, = 24.2, A 2 = 0.42, and B 2 = 54.2. They are 
determined according to the fitted results for all three 
casings. Equation (2) and (3) are also shown in Fig.7c. 

It is necessary to point out that the above equations, 
including the parameters, are obtained while the rotation 
speed of the boring machine is kept at 10 rpm. Because the 
cutter temperature mainly increases due to the friction 
between the cutter surface and the rock, as analysed above, 
the rotation speed of the machine greatly influences the 
cutter temperature. A laboratory study of rock cutting using 
a diamond cutter shows that, i f the cutter rotation speed is 

increased from 40 to 100 rpm, the cutter temperamre rises 
from 7°C to 17°C [2]. This almost means that, i f the 
rotation speed is increased by 100%, the cutter temperature 
rises by 100% too. Assuming that the boring in the 
laboratory study is comparable to the field rock boring at 
Äspö, the real cutter temperature calculated by equation (2) 
and (3) should be doubled i f the rotation speed is increased 
from 10 rpm to 20 rpm. For example, i f the continuous 
boring lasts 1.5 hours, the shaft temperature wi l l rise to 
92°C according to equation (3). However, i f the rotation 
speed of the boring machine is increased from 10 rpm to 20 
rpm, the shaft temperature wil l rise to 184°C on the basis of 
the above analysis. 

On the other hand, as discussed in the above point 4, it 
is assumed that equation (2) may be used approximately to 
predict the cutter surface temperature. Then the cutter 
surface temperature wil l rise to 250°C i f the boring lasts 1.5 
hours and the rotation speed of the boring machine is kept 
as 20 rpm. When the boring time is longer than 1.5 hours, a 
further study based on new measurements of the cutter 
temperature is needed. Finally, it is necessary to point out 
that in this study the air cooling method is used for the 
boring machine. I f other cooling methods, such as water-
cooling, were employed, the equations for the temperature 
would be different to a certain degree. 

4. Concluding remarks 

The method of measuring the cutter temperature in situ 
is feasible for other similar boring machines. 

The in-situ measurements show that the cutter 
temperatare is directly proportional to the boring time i f the 
rotation speed of the boring machine is kept as a constant. 
In addition, the thrust of the machine almost does not affect 
the cutter temperature. 

According to the in-situ measurements, i f the boring 
continuously lasts one and a half hours, the shaft 
temperature rises to 100°C at a rotation speed of 10 rpm. 
The analysis of the measurements indicates that the cutter 
surface temperature wil l be markedly higher than the shaft 
temperature during boring. In general, in-situ boring 
continuously lasts a few hours and the rotation speed of 
boring machines is higher than 10 rpm. Therefore, further 
in-situ measurements of the cutter temperature in higher 
temperatures for a boring machine is necessary. 
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