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Abstract Thorough and realistic performance predictions
are among the main requisites for estimating excavation
costs and time of the tunneling projects. Also, NTNU/
SINTEF rock drillability indices, including the Drilling
Rate Index™ (DRI), Bit Wear Index™ (BWI), and Cutter
Life Index™ (CLI), are among the most effective indices
for determining rock drillability. In this study, brittleness
value (S,o), Sievers’ J-Value (SJ), abrasion value (AV),
and Abrasion Value Cutter Steel (AVS) tests are conducted
to determine these indices for a wide range of Iranian hard
igneous rocks. In addition, relationships between such
drillability parameters with petrographic features and index
properties of the tested rocks are investigated. The results
from multiple regression analysis revealed that the multiple
regression models prepared using petrographic features
provide a better estimation of drillability compared to those
prepared using index properties. Also, it was found that the
semiautomatic petrography and multiple regression analy-
ses provide a suitable complement to determine drillability
properties of igneous rocks. Based on the results of this
study, AV has higher correlations with studied miner-
alogical indices than AVS. The results imply that, in gen-
eral, rock surface hardness of hard igneous rocks is very
high, and the acidic igneous rocks have a lower strength
and density and higher S,; than those of basic rocks.
Moreover, DRI is higher, while BWI is lower in acidic
igneous rocks, suggesting that drill and blast tunneling is
more convenient in these rocks than basic rocks.
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List of symbols

g Index of interlocking

t Index of grain size homogeneity
IS Saturation Index

IF Feldspathic Index

IC Coloration Index

0 Dry density

¢ Porosity

Ve P-wave velocity

Ry Schmidt rebound number
Is(so) Point load strength index
S>o Brittleness value

SJ Sievers’ J-Value

AV Abrasion Value

AVS Abrasion Value Cutter Steel
DRI Drilling Rate Index
BWI Bit Wear Index

CLI Cutter Life Index
VHNR Vickers Hardness Number Rock
Trademark

1 Introduction

Tunneling and constructing underground spaces is a fun-
damental issue in transportation (roads, railways, and
subway), industry (water transport, sewer system, and
underground shelter), and mining (exploration, extraction,
and drainage). Moreover, tunneling in rock masses is an
inevitable necessity that imposes enormous costs on con-
tractors without having sufficient knowledge. Thus, before
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starting drilling operations, estimation of properties related
to rock drillability to determine the properties of cutting
tools and drilling machines’ parts is necessary and useful as
it leads to a reduction in drilling time and cost of the
project. Nowadays, producing reliable and robust prog-
noses on cutter wear, drilling progress, and related costs is
a highly sensitive issue for machine manufacturers and
contractors dealing with the operation of mechanical
excavation systems in mining, tunneling, and underground
construction (Dahl et al. 2012).

Drill and blast (D&B) tunneling and tunnel boring
machine (TBM) tunneling are the two dominating exca-
vation methods in hard rock tunneling (Zare et al. 2016). In
recent years, several researchers have extensively studied
the parameters effective in rock excavation (Bruland
1998a; Barton 2000; Barla and Pelizza 2000; Blindheim
et al. 2002; Yagiz 2002; Thuro and Plinninger 2003;
Rostami et al. 2005; Villeneuve 2008; Hassanpour 2009;
Farrokh et al. 2011; Espallargas et al. 2015) and provided
prognosis models for both D&B and TBM tunneling (Jo-
hannessen et al. 1995; Rostami 1997; Thuro 1997; Bruland
1998b; Dahl et al. 2007; Zare 2007; Yagiz 2008; Gong and
Zhao 2009; Zhao et al. 2012; Hassanpour et al. 2014;
Ellecosta et al. 2015).

The Norwegian University of Science and Technology
(NTNU, former NTH) has a long history of developing
prognosis models for the heavy construction industries
(Macias et al. 2014a). These models comprise D&B tun-
neling time and cost, hard rock TBM time, tool life and
cost, soft ground TBM tool life, and rock quarrying
capacities and cost (Bruland 1998a; Zare and Bruland
2013; Jakobsen et al. 2013). The models proposed by
NTNU may be used through all phases of tunneling pro-
jects for economic dimensioning, choice of alternative,
time planning, cost analysis, and choice of excavation
method and equipment (Zare et al. 2016).

In this study, drillability properties are evaluated for a
wide range of igneous rocks in Iran using NTNU/SINTEF
methods, which are among the most successful models for
determining rock drillability. Moreover, because the direct
determination of these properties involves conducting time-
consuming and expensive tests and requires special equip-
ment, evaluating the effect of index properties as well as
petrographical features on drillability properties is among
the main objectives of this work. In addition, the feasibility
study of indirect methods, in order to provide reliable esti-
mates of these parameters, is of high importance in this
research. For this purpose, after determining drillability
properties and physical, the mechanical, and petrographical
characteristics of the samples, the relationships between
these parameters were studied, and some optimum methods
were proposed based on statistical analyses to estimate the
drillability characteristics of the studied rocks.
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The Drilling Rate Index™ (DRI), Bit Wear Index™
(BWI), and Cutter Life Index™ (CLI) are registered
trademarks of the Foundation for Scientific and Industrial
Research (SINTEF) and NTNU in Trondheim, Norway
(Dahl et al. 2010). For the sake of readability, the trade-
mark symbol is omitted in the rest of manuscript.

2 Experimental Material

This research is aimed to inquire the relationships
between petrographic features as well as index properties
with NTNU/SINTEF drillability parameters of hard
igneous rocks. For such a purpose, based on a prelimi-
nary desk study as well as the macroscopic structure and
visible features, a total of 28 hard igneous rocks were
sampled at 15 different locations in Iran. A wide range
of hard igneous rocks including granitoid, dacite, diorite,
andesite, gabbro, and basalt were examined in this study
(Table 1). According to Anon (1995), all samples were
unweathered or slightly weathered. Blocks were care-
fully checked to ensure they are homogeneous and free
from visible weaknesses. Each block sample was drilled
or cut to obtain cylindrical cores or blocks specimens for
inspecting engineering properties. Also, thin sections
were prepared from each rock sample for petrographic
analysis.

3 Petrography

Rocks are mostly composed of varying percentages of
minerals with different textural properties such as grain
size, grain shape, and microfabric characteristics. Some
rock properties which highly affect the progress rate and
the equipment in mining, tunneling, and underground
construction are mineralogy, texture, grain shape, grain
binding, and grain size (Dahl et al. 2007). Many
researchers dealt with the relationship between petro-
graphic features and mechanical behavior of different rocks
(Hugman and Friedman 1979; Howarth and Rowlands
1987; Ulusay et al. 1994; Ersoy and Waller 1995; Tugrul
and Zarif 1999; Prikryl 2006; Tandon and Gupta 2013;
Hashemnejad et al. 2016; Moradizadeh et al. 2016).
However, the relations between the petrographic features
and the NTNU/SINTEF rock drillability properties have
not been investigated in detail yet.

In this research, we study the effects of petrographic
characteristic including texture features and mineral com-
position on drillability properties of igneous rocks. The
procedure planned for the quantitative analysis of the pet-
rographic features is relatively simple: producing repre-
sentative images using digital microscopy, preprocessing
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Table 1 Modal analysis and the names of the studied rocks

Rock Qtz Pl Afs Bt Ms Am Chl  Cpx Opx Ol Grt OM Ep Gl AM Rock name*

code (%) (%) () () (B) () () (o) () (o) (B) () () (%) <1%

R1 28 35 20 17 - - - - - - - - - - Zrn Micro-
monzogranite

R2 38 24 28 3 7 - - - - - - - - - - Monzogranite

R3 31 21 34 4 9 - 1 - - - - - - - - Monzogranite

R4 - 41 - - - 5 - 8 5 - 2 2 1 36 - Hyalo-basaltic
andesite

RS 32 34 27 4 - 2 - - - - - 1 - - - Monzogranite

R6 - 47 - - - 4 - 19 5 9 - 13 3 - - Basalt

R7 37 22 31 7 - 1 2 - - - - - - - Zn Monzogranite

R8 37 18 38 5 - 1 1 - - - - - - - Zm Syenogranite

R9 41 14 40 2 - 1 2 - - - - - - - Zm Syenogranite

R10 26 17 48 6 - - 1 - - - - - 2 - - Syenogranite

R11 12 34 7 9 - 3 - - - - - 3 - 32 - Hyalo-dacite

R12 29 38 22 4 - 3 2 - - - 1 1 - - - Monzogranite

R13 14 46 16 - - 12 9 - - - - 3 - - Zm Quartz-
Monzodiorite

R14 12 59 3 - - 7 9 4 - - - 6 - - - Quartz-
Andesite

R15 64 3 - 23 3 - - - 1 4 - - Spn Diorite

R16 4 63 6 - - 14 8 - - - - 5 - - - Andesite

R17 28 29 35 5 - - 3 - - - - - - - Monzogranite

R18 - 48 - 4 - 3 - 16 6 - 9 6 8 - - Gabbro

R19 - 36 - 5 - 7 - 18 11 14 - 2 7 - - Gabbro

R20 - 57 4 - 6 - - 11 8 1 5 6 - Zm Diorite

R21 - 58 4 - 4 - 13 3 7 1 4 3 - - Diorite

R22 13 33 41 1 - 9 - - - - - 3 - - - Quartz-
Monzonite

R23 7 40 44 1 - 6 - - - - - 2 - - - Quartz-
Monzonite

R24 12 24 56 2 - 4 - - - - - 2 - - - Quartz-Syenite

R25 3 69 7 4 - 14 - - - - - 3 - - - Andesite

R26 27 41 19 6 - 4 - - - - 2 - - Spn Granodiorite

R27 29 45 9 7 - 6 2 - - - 1 1 - - Spn Granodiorite

R28 - 59 - 8 - 5 - 12 4 - - 2 6 4 - Micro-gabbro

Qtz Quartz, Pl Plagioclase, Afs Alkali feldspar, Bt Biotite, Ms Muscovite, Am Amphibole, Chl Chlorite, Cpx Clino pyroxene, Opx Orthopy-
roxene, O! Olivine, Grt garnet, OM Opac minerals, Ep Epidote, Gl glass, AM Accessory minerals, Zrn zircon, Spn Sphene

* According to optical microscopy studies (Streckeisen 1976)

and segmentation of images, and extracting petrographic
feature.

3.1 Image Acquisition

In any consideration of the accuracy of micrometric anal-
yses, there exists two distinct types of error which may
enter into the results: (1) errors caused by failure of the
measuring process to give an adequate representation of the
thin section to which it is applied and (2) errors due to

failure of the thin section to provide a proper sample of the
rock from which it is cut (Larsen and Miller 1935). In this
study, depending on grain size, the variations in grain size,
and rock homogeneity, different numbers of thin sections
were prepared for each studied rock. Then, thin sections
were imaged using a digital camera mounted on a petro-
graphic microscope. Measurement of 50-200 grains is
often needed in order to adequately characterize a thin
section (Middleton et al. 1985). Considering the grain size
and homogeneity of the studied thin sections, different
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methodologies are employed for producing representative
images. For coarse-grained rocks, the mosaics of the pho-
tomicrographs were generated by stitching together the
photomicrographs through selected scan lines from repre-
sentative parts of thin sections. An example of these
mosaics for the photomicrographs obtained from some
studied coarse-grained rocks is shown in Fig. 1. For fine-
grained rocks, depending on their homogeneity, images
were taken from 1 to 5 parts of their thin sections. For
example, the photomicrographs obtained from thin sections
of the R1 sample are shown in Fig. 2a.

3.2 Image Analysis and Feature Extraction

Combining thin section examination with computer pro-
grams that analyze rock photomicrograph is a standard
procedure in geology (Petruk 1989) since such programs
allow fast measurement and quantitative analysis of thin-
section features (Reedy 2006). Several image processing
and pattern recognition techniques such as color analysis
and textural analysis are employed in mineralogy. Most of
such techniques are devoted to the field of rock analysis,
especially to quantify the crystal/grain size distributions
and crystal/grain shapes (Aligholi et al. 2015). A number of
petrographic image segmentation techniques such as
threshold, boundary-based, region-based, and hybrid tech-
niques are found in the literature (e.g., Zhou et al. 2004;
Fueten and Mason 2007; Asmussen et al. 2015; Izadi et al.
2015). Segmentation of rock photomicrographs allows to
quantify the inner structure of the specimen, that is, the
number of grains per mineral, their sizes, shapes or relative
orientations, etc. (Aligholi et al. 2017a).

In this study, petrographic images were segmented using
a method that relies on three main steps: preprocessing,
automated segmentation, and manual post-processing. The
preprocessing step involves converting RGB images to
grayscale and image enhancement. The image enhance-
ment involves two noise reduction cycles using a median
filter, enhancing the contrast of images using histogram
equalization, and opening-—losing by reconstruction which
uses the fast hybrid grayscale reconstruction algorithm
described in (Vincent 1993). Such morphological opera-
tions reduce the negative effects of noise within grain
regions (e.g., cracks, twinning, and undulose extinction)
while retaining the shape of the grains is of much interest.

To segment grains in rocks under examination, an
algorithm described by Jin (2012) was employed. The
method has four main steps: (1) computing a gradient map
or intensity map from the image; (2) computing a cumu-
lative distribution function from the gradient map; (3)
modifying the map using the selected scale level value; and
(4) segmenting the modified gradient map using a water-
shed transform.

@ Springer

Since the textural features of some minerals (such as
plagioclase and microcline), which commonly show twin-
ning, cause a faulty segmentation of these minerals, a post-
processing step is essential.

To extract petrographic features, the segmented pho-
tomicrographs were firstly scaled by converting the pixel
values into the millimeter unit by a conversion factor
obtained using a standard scaled thin section for each
microscope magnification. Next, the basic size and shape
descriptors as introduced in Table 2 were computed for
each grain of tested rocks, followed by averaging the size
and shape descriptors of all grains for each rock for further
investigations (Table 3). It is notable that for each rock
sample the mean orientation of all grains was subtracted
from 90° and the absolute of this number was reported as
the orientation value. The higher values of this parameter
show that the grains of a given rock are more oriented
along a specific direction. It also worth mentioning that the
images were taken in a direction with the visual principle
orientation of rocks grain for the possible biases around
90°. However, grains of the studied igneous rocks are not
generally oriented to a specific direction. As presented in
Table 1, the modal composition of the studied rocks was
obtained using manual classification of segmented grains
as shown in Fig. 2b, c.

Based on such basic size and shape descriptors, two rock
fabric coefficients, namely index of interlocking and index
of grain size homogeneity, were computed for each studied
rock (Table 4) as follows.

Index of interlocking (g) is an arithmetic mean of the
proportion of rock grains perimeter which contacts neigh-
boring grains quantified by the square root of their
respective area Dreyer (1973). The increasing value of this
parameter indicates a higher complexity of the grains’
boundaries, suggesting that the grain boundaries are more
lobate (Prikryl 2006). This index is computed from the
following formulas:

1 Ly
where 7 is the number of grains considered, while L; and
A; are the grain perimeter which contacts neighboring
grains and grain area, respectively. Here, the index of
interlocking of samples R4 and the R11 are considered as
zero because these samples are two hyaline extrusive
rocks and their grains mostly do not contact with each
other.

Index of grain size homogeneity () is a fabric parameter
that describes the grain size distribution in the material
(Dreyer 1973):

t= Awg (3.2)

5 (A = Awe)’
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Fig. 1 Mosaics from thin sections of samples R9 (a-b), R15 (c—d), and R26 (e—f). Note that the selected scan lines to create representative
images are shown using a pencil

where Ay is the average area of the grains and A, is the 1959) were extra.cted .usmg modal ar.lalys1s 01? the ro?ks.
S . The results are given in Table 4. While the mineralogical
area of individual grain.

L . . s . indices are presented as follows.
In addition, some mineralogical indices used in the p

modal classification of igneous rocks (Jung and Brousse
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Fig. 2 Analyzed photomicrographs from representative images of thin sections for sample R1 (a); segmented maps of images shown in a (b);
and polygon maps of images shown in a (c¢)

Table 2 Summary of the studied basic size and shape descriptors

Category Parameter Computation
Size Area Number of pixels in the object
descriptor  perimeter Length of the outline of the object
Size Equivalent circular diameter
Minimum Feret’s Minimum caliper
diameter
Maximum Feret’s Maximum caliper
diameter
Shape Elongation Ratio of the maximum to the minimum Feret’s diameter
descriptor Orientation Angle between the horizontal axis and the major axis of the ellipse equivalent to the object (0-180°,
counterclockwise)
Eccentricity Ratio between the major and the minor axis of the ellipse equivalent to the object
Compactness Ratio of the area of the object to the area of a circle with the same perimeter
Rectangularity Ratio of the area of a rectangle (formed with length and width as sides) to the area of the object
Solidity Ratio of the area of the object to the area of the convex hull of the object
Convexity Ratio of the perimeter of the convex outline of the object to the perimeter of the object

@ Springer
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Table 4 Fabric coefficients and the mineralogical indices of the
studied rocks

Rock code Fabric coefficient Mineralogical index

g T IN IF IC
R1 6.33 0.064 33.73 36.36 17
R2 7.07 0.056 4222 53.85 10
R3 6.92 0.051 36.05 61.82 14
R4 0 0.043 0.00 0.00 36
R5 6.80 0.047 34.41 44.26 7
R6 5.17 0.022 0.00 0.00 53
R7 7.22 0.039 41.11 58.49 10
R8 7.11 0.038 39.78 67.86
R9 7.11 0.040 43.16 74.07
R10 7.21 0.036 28.57 73.85
R11 0 0.055 23.08 16.66 22
R12 6.81 0.050 32.58 36.67 11
R13 7.12 0.088 18.42 25.81 24
R14 7.45 0.035 16.22 4.84 26
R15 7.54 0.052 1.52 1.54 34
R16 7.27 0.047 5.48 8.70 27
R17 7.31 0.057 30.43 54.69 8
R18 7.28 0.071 0.00 0.00 52
R19 7.57 0.065 0.00 0.00 64
R20 7.15 0.060 0.00 3.39 41
R21 7.73 0.049 0.00 4.92 39
R22 7.34 0.041 14.94 55.41 13
R23 7.80 0.063 7.69 52.38
R24 7.62 0.079 13.04 70.00 8
R25 7.54 0.083 3.80 9.21 21
R26 6.97 0.083 31.03 31.67 13
R27 6.717 0.046 34.94 16.67 17
R28 7.54 0.033 0.00 0.00 39

Saturation Index (IS) is the ratio of the percentage of
quartz (Qtz) to the summed percentage of quartz and
feldspars:

Qtz% "
(Qtz + Afs + P1)%

= 100 (3.3)
Feldspathic Index (IF) is the ratio of the percentage of
alkali feldspars (Afs) to summed percentage of alkali
feldspars and plagioclase (PI):

Afs% o
(Afs + P)%

100 (3.4)

Coloration Index (IC) is the sum of volume percentages of
the colored, or dark, minerals contained in the rock:

IC = 100 — (Qtz + Afs + P1)% (3.5)

@ Springer

For the computation of mineralogical indices of hyaline
rocks, the percentage of mineral phases is considered as
100.

4 Physicomechanical Properties

In order to assess the quality and engineering properties of
studied hard igneous rocks, the index properties of rocks
such as density, porosity, P-wave velocity, Schmidt ham-
mer rebound hardness number, and point load strength
index (Is(sgy) are determined based on laboratory tests.
Each block sample was drilled or cut to obtain cylindrical
cores or blocky specimens to inspect the physical,
dynamic, and mechanical properties. Various standard test
procedures were carried out to determine properties of the
studied rocks. The basic physical properties of the rock
samples including density and porosity were measured
according to ISRM (1981). The P-wave velocity was
determined using a Portable Ultrasonic Non-destructive
Digital Indicating Tester (PUNDIT) according to ISRM
(2007). Rebound hardness values of the rock samples were
determined according to the procedure suggested by the
ISRM (Aydin 2009) using an N-type Proceq Schmidt
hammer on blocky samples while holding the hammer
vertically downward and perpendicular to the horizontal
rock faces. Point load strength test was performed on
blocky or core samples (axial test) according to ISRM
(1985). The results are shown in Table 5.

As shown in Table 5, the studied igneous rocks have
generally a low porosity, high strength, and desirable
engineering quality. Based on the results of laboratory
tests, the acidic igneous rocks compared to basic igneous
rocks indicate a lower density, P-wave velocity, and lower
strength, and consequently a lower engineering quality.
Nevertheless, the rebound hardness of igneous rocks is
independent of their petrology.

5 NTNU/SINTEF Drillability Indices

NTNU/SINTEF rock drillability indices, i.e., DRI, BWI,
and CLI, are indirect measures for the drillability of rocks,
and represent important factors in connection with all kind
of tunneling and rock excavation (Dahl 2003). These
indices are determined based on brittleness, surface hard-
ness, and abrasiveness of rock specimens using four labo-
ratory tests namely, brittleness value (S,y), Sievers’
J-Value (SJ), abrasion value (AV), and Abrasion Value
Cutter Steel (AVS).

Brittleness is one of the most crucial rock features for
rock excavation (Dursun and Gokay 2016). Brittleness
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Table 5 Physiomechanical properties of the studied rocks

Rock code Dry density (gr/cmS) Porosity (%) P-Wave velocity (m/s) SH rebound value (Ry) Point load strength
index Is(sg, (MPa)

R1 2.72 1.13 4841 59.9 6.14

R2 2.63 1.01 4451 60.3 6.72

R3 2.62 1.25 4301 54.2 5.63

R4 2.65 0.65 5715 56.5 9.78

RS 2.64 1.4 5406 63.5 7.77

R6 2.91 0.89 6193 55.7 14.64

R7 2.63 0.87 5109 58.1 7.72

R8 2.62 0.86 5064 54.0 7.65

R9 2.62 0.84 5195 56.8 8.69

R10 2.69 0.76 5136 62.3 5.49

R11 2.59 1.91 5351 53.7 10.24

R12 2.64 1.49 4115 51.0 7.78

R13 2.72 2.76 4394 47.0 8.36

R14 2.75 0.57 6156 49.0 12.29

R15 2.89 0.67 5422 48.8 11.93

R16 2.69 1.26 5825 59.4 8.69

R17 2.62 1.31 4555 55.0 6.91

R18 2.98 0.55 6182 57.2 11.41

R19 3.14 0.18 7239 63.5 12.29

R20 2.83 0.18 6365 65.2 11.08

R21 2.78 0.26 6342 62.6 10.87

R22 2.58 2.31 5246 61.2 7.00

R23 2.63 1.46 5135 56.9 8.19

R24 2.56 3.57 4531 41.4 5.59

R25 2.64 0.74 5783 63.7 10.49

R26 2.66 1.07 4277 56.5 7.27

R27 2.65 1.19 5367 63.4 6.07

R28 2.89 0.29 6491 58.0 10.68

characteristics of rocks substantiality affect their The Sievers’ J-miniature (SJ) drill test (Sievers 1950)

mechanical performance, drillability, -cuttability, and gives a measure of the surface hardness (or resistance

machine performance (Aligholi et al. 2017b). So far, no
internationally accepted norm has been proposed for
measurement and determination of the rock brittleness.
There are some definitions of brittleness for different
purposes and various methods for determination of rock
brittleness in the literature (Altindag 2010; Dursun and
Gokay 2016). The brittleness test method, applied by
NTNU/SINTEF, was originally developed in Sweden by
von Matern and Hjelmer (1943). Although the original
test was aimed to determine the strength properties of
aggregates, several modified versions of the test have later
been developed for various purposes. The version S,, of
brittleness test, developed for the determination of rock
drillability, has been used since the end of the 1950s
(Dahl et al. 2012). An outline of the test is shown in
Fig. 3a.

against tool indentation) of the rock. The SJ-value is the
depth of 4-8 drill holes after 200 revolutions of a miniature
drill bit, measured in 1/10 mm. The basic principles of the
test are shown in Fig. 3b.

The abrasivity is one of the important properties of rocks,
which must be taken into consideration in drilling or exca-
vation projects (Kahraman et al. 2016). As the wear life of the
rock cutting tools often has a linear relationship with the
measured rock abrasion, any variation in the measurements
has a direct and proportional impact on the estimated tool
life, operational delays, and related costs (Rostami et al.
2014). To estimate abrasiveness of rocks, several methods
exist already, e.g., Vickers test, the Cerchar test, the LCPC
abrasiometer test, and the NTNU abrasion test (Nilsen et al.
2007). Also, NTNU provides some methods for measuring
AV and AVS. The AV test developed at the Department of
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Fig. 3 Outlines of principles for the NTNU/SINTEF drillability test
methods (Dahl et al. 2012): a Brittleness value (S,) test; b Sievers’
J-Value (SJ) miniature drill test; ¢ abrasion value (AV) and Abrasion

Geology at NTH in the beginning of the 1960s constitutes a
measure of the rock abrasion or ability to induce wear on
tungsten carbide (Dahl etal. 2012). The AV is the weight loss
in milligrams of the test bit after 100 revolutions of a steel
disk. One hundred revolutions correspond to 5-min test time.
The AVS, which was developed and introduced by NTNU in
the early 1980s, constitutes a measure of rock abrasion or
ability to induce wear on cutter ring steel (Macias et al.
2016). AVS, on the other hand, is measured by the same test
equipment as the AV. The AVS test uses a steel test bit from a
new cutter ring (Zare and Bruland 2013). The testing time is
1 min, which is equivalent to 20 revolutions. The AV and
AVS tests are normally performed on 2—4 test pieces. An
outline of the NTNU abrasion test is shown in Fig. 3c and the
NTNU abrasion test apparatus in the Engineering Geology
Laboratory of the Ferdowsi University of Mashhad (FUM) is
shown in Fig. 3d.

@ Springer

Value Cutter Steel (AVS) test; and d the NTNU abrasion test
apparatus in the Engineering Geology Laboratory of the Ferdowsi
University of Mashhad (FUM)

In this study, a set of NTNU/SINTEF rock drillability
tests were designed according to the procedures suggested
by Dahl (2003). Based on such laboratory tests (with
results shown in Table 6), the DRI, BWI, and CLI are
determined for the tested rocks as follows.

5.1 Drilling Rate Index (DRI)

DRI is the most important input parameter of the NTNU
model. The DRI was developed at the Engineering Geol-
ogy Laboratory of the Norwegian Institute of Technology
(NTNU) of the University of Trondheim in the 1960s for
evaluating the drillability of rocks by percussive drilling
(Selmer-Olsen and Lien 1960). The DRI is not a direct
indicator of drilling rate in the field, but it is a relative
measure of penetration rate and it is therefore not an
absolute value of the drilling rate on the site. It may also be
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Table 6 NTNU/SINTEF rock

drillability parameters of the Rock code S0 ) ST (mm/10)
studied rocks R1 40.0 2.6
R2 508 27
R3 483 27
R4 526 41
R5 43.7 1.8
R6 316 24
R7 516 33
RS 515 3.0
RO 490 25
R10 40.7 3.5
RI1 418 39
RI2 493 39
RI3 48 24
R14 280 2.1
RIS 356 29
R16 34 33
R17 531 30
RIS 38 48
RI9 39 37
R20 325 30
R21 288 35
R22 40 34
R23 $B1 38
R24 533 45
R25 46.3 2.7
R26 556 32
R27 476 33
R28 2717 43

AV (mg) AVS (mg) DRI BWI CLI VHNR (kg/mm?)
34 275 33 64 56 742
52.5 45.5 45 49 46 810
53.5 39 42 53 49 760
9 25.5 48 34 6.9 700
455 37 36 6l 43 833
4 8.5 25 54 8.6 768
37 32 46 45 58 809
445 24.5 45 48 6.2 826
50 375 43 51 49 848
215 23 36 54 6.7 785
15.5 25.5 37 49 6.7 694
24 28.5 45 44 6.4 814
21 24 33 50 57 734
10.5 9 20 77 79 741
9 20.5 29 57 6.6 715
55 5 28 52 118 718
26.5 34.5 47 A 54 791
7 20 30 53 80 752
6 13.5 29 52 84 726
45 17 26 54 71 754
75 215 23 66 6.9 751
19.5 30 39 48 6.0 780
21 32 38 50 6.1 769
14.5 15 50 35 87 770
45 10.5 40 35 82 747
34 335 50 41 56 800
2 24 42 46 6.4 796
55 215 23 62 75 700

viewed as a parameter for the maximum resistance of the
rock to drilling (Yarali and Kahraman 2011). The DRI has
been selected as the drillability parameter of intact rock. It
is an indirect measure of the breaking work required, and
an effective gauge of the rock breaking process under a
cutter (Macias et al. 2014b). DRI is a combination of the
Sy that expresses the amount of energy required to crush
the material and the Sievers J-value SJ that characterizes
the depth a cutter can be thrust into the rock (Bruland
1998c). The diagram in Fig. 4a was used to assess the DRI
based on S,( and the SJ. From the diagram, the DRI of the
tested rocks is computed (Table 6).

5.2 Bit Wear Index (BWI)

The BWI, which is used to estimate the wear rate of drill
bits (Dahl et al. 2012), is assessed on the basis of the DRI
and the AV (Selmer-Olsen and Lien 1960). Figure 4b is
used to assess the BWI from the DRI and the AV. From the
diagram, BWI of the tested rocks is computed (Table 6).

Due to the inefficiency of BWI for prediction of drill bit
life in D&B tunneling, the wear parameter Vickers Hard-
ness Number Rock (VHNR) is used instead of BWI in the
updated NTNU prognosis models (Zare and Bruland 2013).
However, it seems that the BWI can be an efficient index to
predict drilling time and costs in D&B tunneling if the rock
type blastability is taken into account.

The Vickers Hardness Number (VHN) is used as a
measure of the hardness of each rock-forming mineral. The
list of VHN for some rock-forming minerals is given by
Bruland (1998d). Based on the list and mineral composi-
tion of the tested rock, the VHNR is calculated for each
rock (Table 6), as follows:

VHNR = " VHN,; * (%mineral,/ 100) (5.1)

5.3 Cutter Life Index (CLI)

The development of the CLI (NTH 1983), which took place
within 1980-1983, was based on the original NTH test
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Fig. 4 Diagrams for assessment of a DRI and b BWI (Bruland 1998d)

method. The CLI has since the 1980s provided the possi-
bility of estimating cutter life in connection with rock
excavation by use of TBM (Dahl et al. 2012). Equa-
tion (5.2) is used to express the CLI during the boring
process in hours for cutter disk rings of steel for the TBMs
in terms of SJ and the AVS (Bruland 1998d):

gy \ 03847
CLI = 13.84 <—> (5.2)

AVS

6 Results and Discussion

The aim of this study is to evaluate the relationship
between index properties and petrographical features of
hard igneous rocks and NTNU/SINTEF drillability
parameters. The feasibility of predicting NTNU/SINTEF
drillability parameters based on index properties and pet-
rographical features is discussed using a statistical analysis
as follows.

6.1 Relationship Between Index Properties
and NTNU/SINTEF Drillability Parameters

There are various studies in the literature that propose
empirical correlations between mechanical properties and
rock index properties such as dry density (p), porosity (¢),
P-wave velocity (V},), Schmidt rebound number (Ry), and
point load strength index [Is(sg)] for different rock types
(Deere and Miller 1966; Shorey et al. 1984; Katz et al.
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2000; Lashkaripour 2002; Karakus et al. 2005; Shalabi
et al. 2007; Yilmaz and Yuksek 2009; Yagiz 2011; Azi-
mian et al. 2014; Liu et al. 2015; Aligholi et al. 2017b).

In this study, the relationships between index properties
and NTNU/SINTEF rock drillability parameters of igneous
rocks are investigated. For such a purpose, firstly the
Pearson’s correlation coefficient (R) between the above-
mentioned engineering properties was inquired using the
following equation:

_ cov(x,y)

Ry = (6.1)

SxSy
where, to find the correlation between the variables,
covariance is divided by the standard deviation values for
each regression model (Table 7).

As shown in Table 7, there are negative correlation
coefficients between density, initial wave velocity, and
Isspy on one hand and S,p, AV, AVS, and DRI of the
studied rocks, on the other hand. Also, there are positive
correlation coefficients between such index properties and
BWI and CLI. Therefore, the increase in engineering
quality of the studied rocks, which is represented in their
index properties such as density, the initial wave velocity
and Is(sg), results in a decrease in their So and DRI and
increase in their BWI. Based on the results of this study,
which is conducted on a wide range of unweathered
igneous rocks with no alteration, the acidic rocks compared
to the intermediate to basic rocks have a lower density,
P-wave velocity, and strength. As a result, the BWI, which
is highly affected by DRI (Fig. 4b), is lower in acidic rocks
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Table 7 Pearson’s correlation
coefficient between index Ss0 (%) SJ (mm/10) AV (mg) AVS (mg) DRI BWI CLI
properties and NTNU/SINTEF (/e %) —072 0.16 —0.54 —0.48 ~0.70 0.41 0.39
rock drillability parameters
¢ (%) 0.46 0.07 0.17 0.13 0.48 —0.38 —0.07
Vp (m/s) —0.78 0.16 —0.67 —0.63 —0.76 0.40 0.55
Rn —0.21 —0.11 —0.01 0.08 -0.22 0.11 —0.05
Is(spy (MPa) -0.70 0.01 —0.66 —0.60 —0.70 0.34 0.46

compared to the basic ones. Furthermore, because these
acidic igneous rocks contain higher amounts of quartz, they
have a higher AV and AVS and, consequently, a lower CLI
compared to the basic rocks.

Abrasion in TBM cutters may be critical in terms of
project duration and costs (Espallargas et al. 2015). Large
investments and high geological risk are involved using
TBMs. Besides, disk cutter consumption has a great
influence on performance and cost, especially in hard rock
conditions (Macias et al. 2016). Thus, it seems that based
on NTNU/SINTEF indices, TBM tunneling in hard basic
igneous rocks with lower abrasion potential involves fewer
problems compared to the acidic rocks. Moreover, it is
economic and fast compared to D&B tunneling. However,
for the acidic igneous rocks, which have a considerably
higher abrasion potential and lower engineering quality
compared to basic rocks regardless of the time required,
D&B tunneling involves lower costs. However, selection of
the cost effective excavation method for a tunnel is a
function of tunnel cross-section area, rock conditions,
tunnel length, availability of skilled labor and proper
equipment, and project schedule (Zare et al. 2016).

Moreover, the correlation between index properties and
drillability parameters for the rocks studied in the present
work was analyzed using the univariate regression analysis.
Based on the obtained results, there are mostly linear
relations between the index properties and drillability
parameters of the igneous rocks. The correlation coefficient
(R®) obtained from the univariate regression of these
properties are shown in Table 8. For some cases, the uni-
variate regression using the nonlinear functions such as
exponential, logarithmic, and power are more accurate. As
shown in Fig. 5, using power function compared to the
linear function in univariate regression provides a higher
R? between porosity and S,o. As presented in Tables 7 and

8, among the index properties of the rocks studied in this
work, P-wave velocity has the optimum performance in
prediction of rock drillability (Fig. 6). According to
Fig. 6b, applying exponential function provides a better
result for prediction of AV using P-wave velocity, probably
because of the quartz content of the studied rocks.

As S,y and point load strength are two different test
methods for determining strength properties of rock, a high
correlation between Syo and Issgy) might be expected. On
the contrary, based on the results of this study, these two
tests show a relatively poor relation (Fig. 7). This behavior
might be explained by the fact that S,y is performed by
applying repeated impacts on the sample material, which
causes crushing of the sample material while Iss, is per-
formed by applying a load on the sample at a constant
relatively slow rate until failure occurs (Dahl et al. 2012).

Based on the results shown in Table &, there is no sta-
tistically significant relation between Schmidt rebound
number (Ry) and drillability indices of the studied rocks.
However, Aligholi et al. (2017b) reported that rocks with
different rebound values indicate different physical and
mechanical properties. Thus, rock hardness classification is
a considered a prerequisite in the mechanical assessment of
rock properties in terms of rock index properties. These
authors showed that by classifying rocks based on Schmidt
rebound number, prediction of strength and brittleness in
igneous rocks using their density, porosity, rebound num-
ber, and P-wave velocity provide more valid results.

Because rock powder is used in AV and AVS tests, no
correlation is expected between the results of these tests
and rock porosity. Moreover, because the SJ of the studied
rocks are generally low (Table 6), no relation was found
between SJ and rock index properties. It should be noted
that a low SJ-Value is indicating a high surface hardness
and resistance to penetration (Dahl et al. 2012).

Table 8 Correlation coefficient

(B from simple lnear Sy (%)  SI(mm/10) AV (mg)  AVS(mg) DRI BWI  CLI

regression analysis between p (er/em?) 051 0.03 0.29 0.23 049  0.16 0.15

index properties and NTNU/

SINTEF rock drillability b (%) 021 0.01 0.03 0.02 023 0.15 0.01

parameters v, (m/s) 0.61 0.03 0.45 0.40 058  0.16 0.30
R 0.04 0.01 0.00 0.01 005 0.0l 0.00
Isiso (MPa) 049 0.00 0.43 036 049 0.1 0.21
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Fig. 5 Correlations between S, and porosity using power function

The empirical relationships between mechanical prop-
erties of rocks and index tests are a common procedure in
engineering geology for reducing both time and costs.
Typically, these relations are different for various parts of
the world, depending on the regional tectonic, rock for-
mation conditions, and environmental conditions such as
temperature and hydrothermal solutions. These factors may
result in many changes in hardness, density, porosity,
fractures and discontinuities, weathering and alteration,
mineralogical composition, and textural and microstructure
of the rocks which affect the mechanical properties of the
rocks. Thus, merely using a simple test such as Schmidt
hammer test or P-wave velocity may not provide an
accurate and practical equation for estimation of rock
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Fig. 6 P-wave velocity versus some NTNU/SINTEF rock drillability parameters: a Syo; b AV; ¢ AVS; and d DRI

4000 4500 6500 7000 7500

@ Springer

Fig. 7 Relationship between S, and Is(sg,

properties in different parts of the world. In this regard,
estimation of mechanical properties and drillability of
rocks using multiple index parameters provides more valid
equations.

In order to describe the relationships between multiple
index properties and drillability parameters of the tested
rocks, a multiple regression model with a 95% confidence
level by considering linear functions was applied:

Y =B+ Bixi+ Bpxa+ -+ Buxa (6.2)

where Y is the dependent variable, f3, is a constant value, x;
to x,, are the independent variables, and f}; to f3,, are partial
regression coefficients for x; to x,,, respectively. The results
of the regression analyses are given in Table 9. To examine
the validity of the statistical models, the measured
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Table 9 Summary of the multiple regression models between index properties and NTNU/SINTEEF rock drillability parameters as well as some

statistical parameters for examining the validity of the developed models

Dependent variable Soo (%) SJ (mm/10) AV (mg) AVS (mg) DRI BWI CLI
Constant 120.47 1.27 128.98 55.53 112.43 33.11 2.31
Regression coefficient of independent variables

p (gr/cm?) —16.944 1.075 —8.303 1.329 —15.667 11.150 —-0.324
¢ (%) —0.580 0.069 —7.901 —3.262 —-0.314 —4.033 0.536
V, (m/s) —0.006 0.001 —-0.014 —-0.011 —0.005 0.004 0.002
Rn 0.090 —0.052 0.244 0.556 0.026 —0.409 —0.084
Is(sp) (MPa) —0.347 —0.199 —1.918 —0.280 —0.627 —0.776 —0.070
Performance index

R? 0.66 0.20 0.61 0.58 0.63 0.23 0.46
RMSE 5.57 0.72 11.20 7.24 5.94 9.31 1.27

P value 0.000 0.393 0.001 0.001 0.000 0.289 0.014

drillability properties values based on laboratory tests were
plotted versus the predicted values from these models
(Fig. 8). A comparison between results shown in Tables 8
and 9 clearly shows that the multiple regression model
provides more accurate results compared to the univariate
regression model. In general, the conducted statistical
analysis does not provide reliable equations and correla-
tions between the index properties and drillability proper-
ties of the igneous rocks. However, based on the conducted
studies, it seems that making a classification for igneous
rocks on the basis of their petrography properties may
result in more reliable and accurate prediction of drilla-
bility properties in these rocks using their index properties.

6.2 Relationship Between Petrographic Features
and NTNU/SINTEF Drillability Parameters

To study the relationship between petrographic and drill-
ability properties of the studied rock specimens, first, the
Pearson’s correlation coefficient was assessed between
these parameters (Table 10). Based on the results of this
study, among the petrographic features, mineralogical
indices, and grain size descriptors indicate a higher corre-
lation with drillability properties of the studied igneous
rocks. As shown in Table 10, no individual statistically
significant relation is identified between the drillability
properties and grain shape descriptors and texture coeffi-
cients. The low correlation between the studied textural
indices [interlocking (g) and grain size homogeneity (7)]
are probably because the effect of particle size and rock
mineralogical composition was not considered in these
indices.

As mentioned earlier, because SJ is generally low in
the studied rocks, no significant equation was found
between this parameter and petrography properties. Based
on the data shown in Table 10, a positive correlation is

detected between the S,y and DRI, and grain size
descriptors of the studied rocks. Furthermore, positive
correlation values were identified between S,, and DRI,
and saturation index (IS), feldspar index (IF), and Vick-
er’s hardness number of rock (VHNR) and a negative
correlation with coloration index (IC). Based on these
observations it can be deduced that the fine-grained and
basic igneous rocks are more resistant compared to the
acidic and coarse-grained rocks and possess higher engi-
neering quality. In addition, BWI, which is mainly a
function of DRI rather than AV, indicates a higher value
in fine-grained and basic igneous rocks. However, con-
sidering the effect of AV, no individual significant rela-
tion is found between BWI and petrographic features of
igneous rocks. But, since the fine-grained rocks are
mainly intermediate to basic, their low quartz content and,
consequently, lower AV results in a greater CLI in these
rocks. It is noteworthy that there is a negative correlation
between CLI and mineralogical indices (IS, IF, and
VHNR) and a positive correlation between CLI and IC
(Table 10). Accordingly, as mentioned earlier, CLI in
igneous rocks with high quartz content is shorter com-
pared to that of intermediate to basic igneous rocks.
Because rock powder is used to carry out NTNU/SIN-
TEF abrasion (AV and AVS) tests, it is not possible to
study the effect of textural features such as grain size and
shape and textural indices on abrasion potential of the
rocks. However, the NTNU/SINTEF drillability indices
(DRI, BWI, and CLI) are combinational and might be
estimated using different rock properties such as abrasion,
brittleness, and hardness. In this method, the designed
abrasion tests are on the basis of the mineralogical com-
position of rocks. The combination of the values obtained
from these tests with S,y and SJ provides the valid BWI
and CLI indices for tunneling trend evaluation using the
D&B method or the mechanized excavation using TBM.

@ Springer



2944

S. Aligholi et al.

Predicted S20 (%)

Predicted AV (mg)

Predicted DRI

Predicted CLI

@ Springer

50

45

40

35

30

25

** *
*

00’

R2=0.664

25

30 35 40 45
Measured S20 (%)

(a)

50 55

60

45

35

25

15

W

R2=10.606

55

10 20 30
Measured AV (mg)

(c)

40 50

50

45

40

35

30 1

R2=10.634

20
20

T T T T

25 30 35 40
Measured DRI

(e)

45 50

11

10

R2=10.458

Measured CLI

(2

10 11

Predicted AVS (mg) Predicted SJ (mm/10)

Predicted BWI

5.0

4.5

4.0

35

3.0

40

30

20

80
75
70
65
60
55
50
45
40
35
30

*
*
*
*
L RS *
° *,*
* *
R?=10.199
1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Measured SJ (mm/10)
(b)
* ¥ »
¢ ¢ .
s “
. o*
. 3
*
* *
*
*
R2=0.577
0 10 20 30 40 50
Measured AVS (mg)
(d)
*
- *
* *
*
] o .
PRl 4
] R2=10.232
30 40 50 60 70 80
Measured BWI



Evaluating the Relationships Between NTNU/SINTEF Drillability Indices with Index Properties...

2945

«Fig. 8 Graphs of the predicted drillability parameters from index
properties versus the measured drillability parameters: Sy (a), SJ (b),
AV (c), AVS (d), DRI (e), BWI (f), and CLI (g)

As shown in Table 10, among the studied mineralogical
indices, IS (which is calculated based on quartz to the sum
of quartz and feldspar contents of rock) has the maximum
correlation with both AV and AVS tests. The AV test,
which is performed on a piece of tungsten carbide and is
used in drilling bit life estimation in D&B tunneling, is
highly correlated with the IS. In this connection, NTNU/
SINTEF researchers have found many shortcomings in
BWI and are replacing it with VHNR. However, the min-
eralogical indices proposed in the present work, particu-
larly IS, indicate a much higher correlation compared to
VHNR with outputs of both AV and AVS tests. Thus,
saturation index is presented as a new parameter for esti-
mation of bit wear in igneous rocks.

The relations between saturation index and AV as well
as AVS for the studied rocks are presented in Fig. 9. As
shown in Fig. 9a, there is a high correlation between sat-
uration index and AV results. As noted by Dahl et al.
(2012), the low quartz content gives AV and AVS of the
same magnitude, while its high content leads to an AV
higher than the AVS. A comparison between Fig. 9a, b
reveals that an increase in saturation index (as a function of

quartz content in the rock) leads to a higher AV compared
to AVS. Thus, the exponential function provides a better
correlation between saturation index and AV. An expla-
nation for this observation is might be the high hardness of
quartz, which enables quartz to cause a significantly higher
degree of abrasion on tungsten carbide than other minerals
are able to do (Dahl et al. 2012). In other words, since
tungsten carbide is harder than cutter ring steel, it is
abraded only with very hard minerals such as quartz and is
resistant to other minerals. Although cutter steel is abraded
with minerals with lower hardness, this abrasion is not
directly related to the hardness level of minerals used in
rock powder preparation. To understand this behavior, the
correlation between VHNR (which is an index of hardness
level and abrasiveness of rock minerals) and AVS was
analyzed (Fig. 10), where no explicit correlation was found
between VHNR and AVS. An explanation for this result
might be the difference in soft minerals content in the
mineralogical composition of the studied rocks. To illus-
trate this issue, some rock samples with almost the same
AV are shown in Table 11. Moreover, the soft minerals
content of this rocks (biotite% + muscovite% + chlo-
rite%) are also shown in this table. Based on the data
shown in this table, it is clearly seen that an increase in soft
minerals content leads to a severe declination in AVS while
having the same AV. In other words, the soft minerals lead
to a decrease in rock (powder) abrasion potential against

Table 10 Pearson’s correlation

coefficient between S0 (%) ST (mm/10) AV (mg) AVS (mg) DRI BWI CLI
petrographic features aqd N Size descriptors
NTNU/SINTEF rock drillability Area 0.54 0.22 B B 057 —040 —0.24
parameters
Perimeter (mm) 0.57 0.21 - - 0.59 —-036 —0.36
Size (mm) 0.64 0.19 - - 0.66 —0.40 —0.42
Min of Feret’s (mm) 0.64 0.20 - - 0.66 —040 -041
Shape descriptors
Max of Feret’s (mm) 0.61 0.19 - - 0.63 —-0.38 —041
Elongation —0.15 -0.17 - - —0.16 0.05 0.07
Orienetation (°) 0.19 —0.03 - - 0.18 —0.42 0.10
Eccentricity —0.18 0.06 - - —0.17 0.03 0.17
Compactness —0.07 —-0.20 - - —0.09 0.00 0.08
Rectangularity —-0.37 0.22 - - —0.34 0.31 0.23
Solidity 0.50 —0.09 - - 049 -042 -0.31
Convexity —0.15 —0.23 - - —0.17 0.09 0.09
Texture coefficients
g —0.15 —0.20 - - —0.17 0.25 0.01
t 0.28 0.13 - - 029 —-038 —0.01
Mineralogical indices
IS 0.65 —-0.39 0.90 0.70 0.61 —0.10 —0.67
IF 0.66 —-0.14 0.76 0.62 065 —026 —0.53
IC —0.71 0.26 —-0.72 —0.60 —0.68 0.26 0.54
VHNR 0.54 —-0.33 0.71 0.55 051 —-0.16 —0.53
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Fig. 10 Relationship between Vickers Hardness Number Rock
(VHNR) and AVS

cutter ring steel; the high soft mineral content, the more
severe this declination. In contrast, rock (powder) abrasion
potential against tungsten carbide is independent of its soft
minerals content and is a function of highly abrasive
minerals such as quartz.

In addition, using the multiple linear regression model-
ing, two equations were developed between the miner-
alogical indices (IS, IF, and IC) and AV and AVS tests,
shown in Table 12a. Figure 11 shows the AV and AVS
predicted using multiple linear regression with their mea-
sured values. As shown in Table 12a, no significant cor-
relation increase is seen compared to univariate linear
regression between IS and both AV and AVS (Fig. 9).
Accordingly, as mentioned earlier, AV in igneous rocks is

Table 11 AV, AVS, and soft minerals content from some studied
rocks with the same AV

Rock code AV (mg) AVS (mg) Soft minerals (%)
R10 21.5 23 7
R13 21 24 9
R22 19.5 30 1
R23 21 32 1
R27 22 24 8

@ Springer

highly controlled by their quartz content. For AVS test, the
effect of each mineral (particularly the soft ones) in min-
eralogical composition of rock and rock powder requires a
further investigation.

To check whether abrasiveness potential of the studied
rocks are mainly controled by the IS as well as find the best
mineralogical indices in order to predicting AV and AVS,
the multiple linear regression models using the forward
stepwise method are also applied (Table 12b). The results
prove that among the studied mineralogical indices, IS is
the most proper one to predict both AV and AVS.

Table 12 (a) Summary of the multiple regression models between
mineralogical indices and NTNU abrasion tests and (b) Summary of
the stepwise multiple regression models

Dependent variable AV (mg) AVS (mg)
A

Constant —4.178 15.055
Regression coefficient of independent variables

IS (%) 0.825 0.341
IF (%) 0.188 0.085
Ic (%) 0.198 0.013
Performance index

R’ 0.84 0.52
RMSE 6.79 7.40
F-statistic 43.0 8.6

P value 0.000 0.000
B

Constant 4.593 16.158

Regression coefficient of the selected independent variable

IS (%) 0.904 0.438
Performance index

R’ 0.82 0.50
RMSE 7.06 7.27
F-statistic 115.2 25.6
P value 0.000 0.000
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To further investigate the effect of quartz content of
igneous rocks on their abrasion potential, a comparison
was made between the data obtained from the present
study and the one conducted by Bruland (1998e), which
had been conducted on a variety of rocks with different
petrology. Bruland (1998e) proposed equations between
DRI and BWI as well as SJ and CLI in terms of quartz
content of the studied rocks. As mentioned earlier, BWI is
estimated using DRI and AV, while CLI is predicted
using SJ and AVS. Thus, when studying the relationship
between DRI and BWI or SJ and CLI with quartz content,
somehow the effect of quartz content on AV and AVS as
well as a feasibility study of predicting BWI and CLI
with quartz content rather than performing abrasion test is
evaluated. Bruland (1998e) concluded that by classifica-
tion of quartz content of rocks (Table 13), BWI and CLI
would provide remarkably more accurate results in terms
of DRI and SJ, respectively. Nevertheless, as the
table also shows, the equations proposed for determina-
tion of BWI are of higher correlation, meaning that AV
compared to AVS indicates a higher correlation with
quartz content.

The relations between DRI and BWI and those
between SJ and CLI for the studied igneous rocks are
shown in Fig. 12a, b. The equations proposed by Bruland
(1998e) were evaluated in the present work with quartz
content of the rocks (Fig. 13). In this regard, considering
the classification systems such as that of Streckeisen
(1976) proposed for igneous rocks, a more accurate
classification was proposed for the igneous rocks
(Table 14). According to this classification, the relation-
ship between BWI and DRI and quartz content of igneous
rocks was studied further (Fig. 14a). As shown in
Fig. 14b, the classification proposed for prediction of
BWTI in igneous rocks based on DRI and the equivalent
quartz content was highly successful. Therefore, it can be
used to decline the time and costs involved in AV test to
measure BWI. However, as shown in Fig. 15, predicting
CLI with quartz content for igneous rocks rather than

Table 13 Relationships between quartz content and: (a) BWI and
DRI and (b) CLI and SJ (Bruland 1998e)

Quartz content Equation R?
A

0-10% BWI = 0.007DRI® — 1.39DRI + 78 0.97
11-20% BWI = 0.009DRI> — 1.77DRI + 94 0.92
21-40% BWI = 0.013DRI?> — 2.32DRI + 121 0.88
41-70% BWI = 0.014DRI*> — 2.58DRI + 133 0.75
71—100% BWI = 0.017DRI?> — 2.99DRI + 149 0.67
B

0-5% CLI = 4.23468]%234 0.69
6-10% CLI = 4.78358]%-3366 0.53
11-20% CLI = 3.74328]%-33%° 0.77
21-40% CLI = 3.2428]°%3165 0.81
41-100% CLI = 3.742881%4317 0.85

performing AVS test is efficient only for the acidic rocks
with quartz content higher than 20%. Therefore, soft
minerals also play a key role in AVS prediction; the
lower the quartz content in the rock, the higher the effect
of soft minerals (Fig. 15).

Most problems in mining and geology involve complex
and interacting forces, which are impossible to isolate and
study separately (Davis 1973). Some of the rock proper-
ties which highly affect the progress rate and the equip-
ment wear in mining, tunneling, and underground
construction are mineralogy, texture, grain shape, grain
binding, and grain size (Dahl et al. 2007). Hence, for a
reliable and robust prediction of rock drillability proper-
ties, a reasonable combination of some petrographic fea-
tures is required.

In order to describe the relationships between the pet-
rographic features and drillability properties of the tested
rocks, multiple regression model was applied by consid-
ering the linear functions. The results of the regression
analyses are given in Table 15. To check the validation of
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equations

Table 14 Proposed relationships between quartz content and BWI
and DRI

Quartz content Equation R?
(%)

<5 BWI = 0.032DRI* — 3.47DRI + 125.3 0.904
6-20 BWI = 0.016DRI*> — 2.55DRI + 123.6 0.996
>20 BWI = 0.015DRI” — 2.55DRI + 130.8 0.866

the statistical models, the values of the measured drilla-
bility properties are plotted with those predicted using
these models (Fig. 16).

Based on the results shown in Table 15, the prognosis
models for S,y, DRI, and BWI in terms of petrographic
features offer a high correlation and a low error. The
results also showed that the multiple linear regression of
the petrographic features provides more valid and reli-
able results for drillability properties of the studied
igneous rocks that in many cases can obviate the need
for time-consuming expensive tests. Figure 16 also
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clearly shows that, except the prognosis model for SJ
(Fig. 16b) and CLI (Fig. 16e), the points are close to the
regression line, implying the validity of the proposed
models. In this connection, it seems that the crystal grid
network of the constituting minerals of the studied rocks
and the bond energy among the atoms of their minerals
is a controlling factor, without which it is not possible to
provide an accurate estimation of resistance against the
penetration of drilling bits to rocks. The CLI index, on
the other hand, is estimated using the SJ and AVS
parameters. Thus, the factors causing the inaccuracy of
the estimated SJ are also effective in this parameter.
Furthermore, as shown in Fig. 11 and Table 12, it is
clear that use of mineralogical indices of the studied
rocks is not accurate enough in AVS estimation. Thus, it
seems that to laboratory tests are necessary for reliable
estimation of CLI. However, it is possible to apply
petrography analyses for an early estimation, classifica-
tion of rock masses, and initial planning for laboratory
tests for CLI prediction in TBM projects.
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7 Conclusion

In this research, the drillability potential was studied for a
wide range of hard igneous rocks without any
detectable cracks, fractures, weathering, and alteration
using the drillability parameters proposed by NTNU/
SINTEF. The extracted results from the laboratory tests
and petrographical studies showed that AV compared to
AVS is highly correlated with saturation index (IS), which
is a mineralogical index estimated based on the ratio of
quartz to quartz and feldspar. On the other hand, results
showed that AVS criterion is not strongly correlated with
rock quartz content and other studied mineralogical
indices such as Feldspathic index (IF), coloration index
(IC), and Vickers Hardness Number Rock (VHNR). Thus,
it may be concluded that because tungsten carbide (as the
test piece used in AV test) is harder than the cutter ring
steel (the test piece used in AVS test), it is abraded only
with very hard minerals such as quartz. In comparison,
the cutter ring steel would be more susceptible to wear
against softer minerals. In addition, AVS is affected by

not only the hardness of the constituting minerals of the
rock but also the factors related to the mineralogical
composition of the rock (powder). For example, minerals
such as mica or clay minerals generated by the alteration
of feldspars might considerably affect AVS. According to
this study, this behavior is more notable in igneous rocks
with quartz content <20%.

Based on the results of this investigation, the acidic
igneous rocks indicate a lower strength and density and a
higher S, compared to those for basic rocks. Overall, the
SJ parameter was notably low for hard igneous rocks and
it seems that it is controlled by the crystal grid network of
the constituting minerals of the rocks and the bond energy
of the constituting atoms of the minerals, in addition to
the petrographical properties. As a result, DRI, which is
estimated based on S,y and SJ, is higher in acidic igneous
rocks. In addition, the BWI, as a parameter estimated
using DRI and AV (with DRI having a stronger control
over it compared to AV), is generally lower in acidic
igneous rocks. Thus, D&B tunneling in these rocks is
more convenient and involves lower costs compared to
basic rocks. However, CLI in these rocks is lower com-
pared to basic rocks. Hence, it seems that, based on the
NTNU/SINTEF drillability parameters, tunneling in hard
intermediate to basic igneous rocks with a lower abrasion
potential involves less complexities using TBM tunneling
and is faster and more economic compared to D&B
tunneling.

In this study, a semiautomatic procedure was proposed
for the analysis of microscopic images of the studied
rocks. The steps of this procedure are: (1) generation of
representative images using a digital camera mounted on
a microscope; (2) image preprocessing and segmentation;
(3) extraction of petrographical features; and (4) multiple
linear regression analysis for prediction of rock
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Table 15 Summary of the multiple regression models between petrographic features and NTNU/SINTEF rock drillability parameters

Dependent variable Soo (%) SJ (mm/10) DRI BWI CLI
Constant 435.37 43.48 462.48 —498.80 —81.21
Regression coefficient of independent variables

Area (mm?) 0.860 2.264 5.353 —13.72 3.126
Perimeter (mm) —3.352 —1.012 —5.507 10.34 —1.360
Size (mm) 128.67 5.226 112.65 —201.37 —27.61
Min of Feret’s (mm) 3.824 4.292 30.84 —62.61 94.19
Max of Feret’s (mm) —66.37 —1.997 —65.80 124.78 —33.46
Elongation —69.60 —3.155 —69.72 63.18 26.24
Orienetation (°) 0.740 —0.040 0.673 —1.163 —0.058
Eccentricity 6.204 —0.191 5.766 —8.449 —0.206
Compactness =97.77 —30.50 —139.54 100.24 15.18
Rectangularity —98.83 —9.805 —109.51 140.51 11.95
Solidity —145.85 —45.44 —181.77 260.12 28.68
Convexity —73.76 26.65 —44.34 137.58 8.011
g —1.189 —0.247 —1.506 1.760 0.180
t 1.200 —1.575 —3.587 17.11 —19.70
IS (%) 0.071 —0.036 0.025 0.202 —0.059
IF (%) 0.007 0.015 0.034 —0.043 0.014
IC (%) —0.226 0.027 —0.184 0.118 0.028
Performance index

R? 0.96 0.76 0.95 0.86 0.71
RMSE 2.89 0.58 333 5.99 1.38
P value 0.000 0.155 0.000 0.025 0.286

engineering properties. The results derived from the
multiple linear regression prove the power and efficiency
of the petrographical procedure proposed for prediction of
drillability properties of igneous rocks. In this regard, the
selected textural properties and mineralogical indices
were also found as highly effective parameters; as in the
case of implementing a well-organized method, these
properties might be useful in the accurate prediction of
several rock engineering properties and obviate the use of
the time-consuming expensive testing procedure.
Moreover, the relationship between rock index
properties such as density, porosity, P-wave velocity,
Schmidt hammer rebound hardness number (Ry), and
Is;soy and drillability parameters proposed by NTNU/
SINTEF was analyzed using the Pearson’s correlation
(R) coefficient, univariate linear regression, and multi-
ple linear regression. Based on the conducted statistical
analyses, it was found that there are some statistically
significant relationships between density, P-wave
velocity, and Isisgy and drillability parameters of the
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igneous rocks; with P-wave velocity having the highest
correlation with drillability parameters. Furthermore,
the multiple regression models, compared to univariate
regressions, indicate a higher accuracy and, except for
SJ and BWI, provide acceptable predictions for the
drillability indices of NTNU/SINTEF. Nevertheless,
except for AVS for which the same results were
achieved, the accuracy of the multiple regression sta-
tistical models developed based on the index parameters
is drastically lower than those developed using the
petrographical characteristics.

Based on the results obtained from this study, further
studies are required for a better understanding of the
effect of soft minerals such as mica or the secondary
minerals generated by alteration such as clay minerals and
chlorite in the mineralogical composition of rock on AVS.
It is also suggested performing further investigations on
the effect of structural characteristics of rocks at a
molecular scale on SJ parameter. The results of such
investigations might be valuable in understating the pen-
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Fig. 16 Graphs of the predicted drillability parameters from petrographic features versus the measured drillability parameters: S,, (a), SJ (b),

DRI (¢), BWI (d), and CLI (e)

etration of drilling bits and cutting tools in rocks. Even-
tually, it is suggested conducting the petrographical
method proposed in this work, by a slight modification in
mineralogical indices, also on predicting the drillability
properties of other rock types.
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