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Keywords After that, using a diamond drill, one hole was created in each rock core specimen,

and at the end of drilling, a fracture pit was separated from the bottom of each hole
in the specimen. The results show that as the mineral size decreases, the fracture pit
depth also decreases, and in porphyry texture, the fracture pit depth is between the
fracture pit depths of coarse-grained and medium-grained rocks. As the texture
coefficient (TC) and brittleness of the rock specimens increase, the fracture pit
depth decreases, and in porphyry texture, the fracture pit depth remains between the
fracture pit depths of coarse-grained and medium-grained rocks. Finally, the results
from laboratory tests indicate that creating holes using a drill to study the effect of
the holes on rock behavior can cause damage to the rocks.
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1.Introduction

Rock is a natural material, composed of
various minerals and formed through long-term
geological processes. The differences in
properties among its components and internal
micro fissures determine the mesoscopic
heterogeneity of rock, which is the basis cause for
the differences in the failure of different rock
types. Ductility usually means the material can
maintain a complete and continuous deformation
property. In contrast, brittleness means that the
material loses continuity and the initiation and
expansion of cracks occur [1]. The brittleness
characteristics of rock have important guiding
significance for hard rock resource exploitation,
rock burst prediction, mechanical excavation
efficiency, and unconventional oil and gas
resource exploitation [2-5]. The mechanical
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properties of rocks with different types of defects
vary greatly compared with intact rocks [6-11].
Determination of the mechanical behavior of
intact rock is one of the most important parts of
any engineering project in the field of rock
mechanics [12]. To understand the stability of
deep underground engineering rocks at high
temperatures, it 1is necessary to conduct
comprehensive tests on the mechanical properties
of the rocks. Various fractures and holes in the
natural rock mass affected the mechanical
properties of the rock mass and the safety
construction of engineering [13]. Safari et al. [14]
investigated the effect of the petrography,
mineralogy, and physical properties of limestone
in dry and saturated conditions. The brittle-ductile
transition and nonlinear deformation behaviors are
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the prominent characteristics of the rock. Rocks
transition in failure mode ranges from localized
brittle fracture to non-localized plastic flow. This
transition plays a significant role in various
geophysical and geological problems. The
mechanical behavior of rocks in the brittle-ductile
transition region is restricted by strain rate,
temperature, effective stress, the microstructure,
porosity, and mineralogy of the rock and water
[15-22]. The brittle behavior of rock is a
necessary condition for engineering disasters such
as spalling and rock bursts in the deep
surrounding rock, and the higher the brittleness is,
the greater the tendency of the above disasters to
occur [23-29]. Under external loading, the change
in the mechanical properties of defective rock
samples is a complex process, depending on the
properties of the rock block and the internal
defects of the rock mass [30-31]. Rock brittleness
is a key parameter determining the failure
characteristics of rocks wupon loading and
unloading  conditions.  Several  mechanical
responses and failure processes of rocks, such as
cutability and drillability, are associated with rock
excavation [32-33]. The study on the brittle—
ductile mechanical properties of rocks can help to
deep mine’s rock-burst prediction and prevention
and has significant engineering significance [34].
The effects of fracturing on the strength and
stress—strain curves of the pre-cracked rock-like
materials have been discussed. It has been shown
that the crack propagation mechanism in brittle
substances due to the crack’s coalescence
phenomenon occur mainly by propagation of
wing cracks emanating from the tips of the pre-
existing cracks. The secondary cracks may also be
produced after the propagation of the wing cracks
in the specimens under uniaxial loadings but it is
experimentally shown that the wing cracks are
mainly responsible for the cracks coalescence and
the final cracks propagating paths [35]. The
mechanism of crack propagation in concrete
specimens containing cracks under shear loading
conditions has been studied. The coalescence
mechanism of cracks indicated that the pre-
cracked concrete failure occurs in mixed mode in
case of non-overlapping cracks configuration and
in tensile mode for the overlapping cracks.
Finally, comparing the numerical and
experimental results validated the crack
propagation modeling and verified the accuracy
and efficiency of the proposed numerical method
[36]. The mechanism of cracks propagation and
coalescence of neighboring cracks existing in pre-
cracked rock like cylindrical specimens has been
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studied experimentally and numerically by
considering multiple cracks in the middle part of
each specimen. The crack propagation and
coalescence paths of the internal inclined crack
are estimated by implementing a suitable iteration
algorithm of incremental crack length extension in
a direction predicted by using the maximum
tangential stress criterion [37]. Haeri and Sarfarazi
[38] have studied the deformable multilaminate
for predicting the Elasto-Plastic behavior of rocks.
In the mentioned paper, a multilaminate-based
model has been developed and presented to
predict the strain hardening behavior of rock. In
this multilaminate model, the stress—strain
behavior of a material is obtained by integrating
the mechanical response of an infinite number of
predefined oriented planes passing through a
material point.

In addition, many scholars have studied and
analyzed the mechanical properties of rock, such
as crack propagation and failure criterion, using
physical tests, and many meaningful results have
been obtained [39-44]. Brittleness is a very
considerable mechanical property of intact rocks
because it causes strong impacts on the rock
fracturing process and failure behaviors [45]. The
brittle-ductile transition and nonlinear
deformation behaviors are the prominent
characteristics of the rock. Rocks transition in
failure mode ranges from localized brittle fracture
to non-localized plastic flow. This transition plays
a significant role in various geophysical and
geological problems. The mechanical behavior of
rocks in the brittle-ductile transition region is
restricted by strain rate, temperature, effective
stress, the microstructure, porosity, and
mineralogy of the rock and water [46-58]. Contact
problem and pre-cracks in some materials have
been investigated by many researchers. Yaylaci et
al. [59-61] have investigated the punching
phenomena in soft and rigid materials and their
contact problems. In this research, the effects of
texture coefficient (TC), ductility-brittleness and
mineral size on creating hole by diamond drill in
granitic rock specimens were investigated.

2. Geology setting

Alvand batholith is located in the south and
west of the Hamedan region and the northern part
of the Sanandaj-Sirjan transformation zone. Its
length is about 40 km and its width reaches 10
km. Alvand batholith is almost oval in shape, but
its central part is narrow and its two sides are
bulky. The age of this mass goes back to 64 to 70



Ardalanzdeh et al.

million years ago and in the earlier Paleocene
[62]. The Alvand pluton is a composite consisting
of gabbroic rocks, granites, including mylonitized
varieties, and leuco-cratic granitoids that occupy
an area of ~ 800 km” [63]. From the point of view
of geology, the Hamedan region is a part of the
Sanandaj-Sirjan structural zone, which is located
at the border of Central Iran and Zagros zones
with the general trend of the North-West-South-
East. The origin of granite and gabbro parts of the
mass has been studied by different researchers.
Valizadeh and Cantagrel [64] considered the
granite rocks of Alvand to be S-type according to
mineralogical, geochemical and geological
characteristics and introduced the gabbroic part as
older than the granite part and due to the presence
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of secondary biotites in the gabbroic rocks, the
impact Alvand granite has been proposed on the
basic rocks of Cheshme Qasaban and North
Sarkan. Eshraghi and Mohammadi Gharai [65]
relates the intermediate rocks of Alvand to the
process of metasomatism related to the effect of
granitic fluids on gabbros. Alvand plutonic
complex consists of various lithological units
from mafic, intermediate to felsic rocks.
According to some researchers, this zone is a part
of the orogenic belt of Zagros. The lower unit of
the Hamedan metamorphic complex comprises
variably deformed and metamorphosed pelitic,
semipelitic and psammitic metasediments as well
as quartzite, amphibolite and hornblende garben
schists and some calc-silicate rocks [66-67].
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Figure 1. Lithotectonic map of Iran [68] and simplified geo-logical map of the Hamedan region [69].
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3. Materials and Methods
3.1. Sampling and preparing of core specimens

The rock blocks used in this research with
dimensions of about 40x30%30 cm were collected
from the exposed granitic rocks of the Alvand
batholite from the Kahnoosh village, Ganjnameh
and Imamzadeh Hassan regions (Tablel). The
Rock block samples were transferred to the
laboratory of Bu-Ali Sina University to be
prepared and laboratory tests performed on them.
To prepare the specimens, cores with diameters of
64 and 66 mm and length to diameter ratio (L/D)
greater than 2 were prepared from each type of

Figure2. Rock coring and preparing in the laboratory
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rock. The beginning and end of the specimens
were completely smooth and uniform (Figure 2).

To prepare the specimens, after taking the
core, an initial hole was created in the specimens
using a 5 mm diameter drill, then the hole
diameter was increased using a 10 mm diameter
drill. Finally, the diameter of the hole increased to
15 mm (Figure 3). The rotation rate of the drill
and the penetration rate are equal to 120 RPM and
5 mm/min, respectively. It is worth noting that the
time taken for each sample preparation (G1 to G4)
was 4, 7, 11, and 9 minutes, respectively.

— ,Jf

Figure 3. Final specimens prepared from four types of rock with different hole diameters

3.2. Physical and mechanical properties of rock
specimens

To determine the physical and mechanical
properties of the specimens, UCS, specific
gravity, moisture percentage, and porosity tests
were performed and the results obtained were
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averaged for three specimens, which are as
described in Table 2. The highest specific weight
was related to specimen G4 and the lowest was
related to specimen G1. The moisture percentage
of the specimens was less than one percent and
the porosity of the specimens was close to zero.
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Tablel. Sampling dimensions and location

Dimensions of the

sp}:coiflll(en sample (mm) Rock textures Sl?;:‘l:il::lg Coordinates (UTM)
Diameter length X Y
66 144
Gl 66 148 Coarse-grained ~ Kahnoosh village 249678 3844730
66 148
64 129 Medium-
G2 22 } 43;2 grained Ganjnameh 265705 3848129
64 130 Imamzadeh
G3 64 134 Fine-grained H 260971 3852148
assan
64 140
64 128
G4 64 132 porphyry fmamzadeh 261079 3852625
64 136 Hassan
Table 2. Physical and mechanical properties of rock specimens
Rock ucs o, Ie E 14 Ya Vsat 0
specimen  (MPa)  (MPa) G (GPa) _(gr/em’)  (gr/em’)  (griem’) (o) e Gs
Gl 39 4.27 9.13 27 2.50 2.50 2.52 0.23 0.01 2.50
G2 99 8.99 11.01 92 2.62 2.62 2.64 0.02 0.00 2.62
G3 118.5 9.82 12.07 77 2.60 2.60 2.61 0.16 0.00 2.60
G4 111 10.42 10.65 69 2.74 2.73 2.74 0.12 0.00 2.73

Gl1= Coarse-grained, G2= Medium-grained, G3= Fine-grained, G4= porphyry, UCS: Uniaxial compression strength, o,:
Brazilian tensile strength, E: Young’s modulus, y:density, y, :Dry density, y,,,: saturation density, ®: Moisture percentage,

e:porosity ratio, Gs: specific gravity.

3.3. Mineralogy
specimens

characteristics

rock

From each specimen, a thin section was
prepared to  study the  mineralogical
characteristics, and images were prepared and
studied using a microscope with 4x magnification
and XPL. Specimen GI1 consists of orthoclase,
quartz, biotite, plagioclase, muscovite, and zircon

in order of abundance. Specimen G2 is composed
of plagioclase, quartz, sphene, muscovite and
zircon minerals in order of abundance. Specimen
G3 is composed of quartz, alkali feldspar, biotite,
muscovite and plagioclase minerals in order of
abundance. Specimen G4 is composed of quartz,
plagioclase, biotite, muscovite and amphibole in
order of abundance (table 3).

Table 3. The percentage of minerals in the studied rocks

Rock Orthoclase Quartz Biotite Plagioclase Muscovite  Zircon Alkali Sphene
specimen () (%) (%) (%) (%) (%) feldspar (%) (%)
Gl 40 25 15 10 5 5 - -
G2 --- 40 --- 39 5 1 --- 15
G3 - 40 15 5 5 --- 35 -
G4 45 20 20 15 — - -

G1= Coarse-grained, G2= Medium-grained, G3= Fine-grained, G4= porphyry
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Figure 4. Microphotographs of G1= Coarse-grained, G2= Medium-grained, G3= Fine-grained,
G4= porphyry, Or=Orthoclase, Q= Quartz, B= Biotite, PI= Plagioclase, M= Muscovite, Z= Zircon, A=alkali
feldspar, S= Sphene.

3.4. Petrological and Textural Indexes
3.4.1. Texture Coefficient

Microtextural features influence  the
petrophysical and mechanical properties of rocks,
including the elastic properties and cracking
processes under axial loads [70]. The rock texture
or micro-fabric studies have an important role to
find which factors are significant or underestimate
in rock mechanics. Also, many practical rock
mechanics studies rely on basic geological or
microscopic studies [71]. It is now possible to
digitalize the image of a rock thin section and use
it to analyze its texture in order to measure a
characteristic value that represents it [72-73]. One
way to quantify rock texture is using a texture
coefficient (TC) method. One of the first methods
for quantification of rock texture was proposed by
Howarth and Rowlands [74]. Many researchers
have proposed TC as a good way to predict some
geotechnical properties and classify different
rocks [75-78].

Rock texture can be quantified using the
geometrical features and interlocking index or
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packing density of the grains about the matrix
effect. Grain shape and size can be quantified by
the length (L), width (W), area (A), and perimeter
(P), which are wused to formulate several
coefficients such as the aspect ratio (AR; Eguation
1) and form factor (FF; Eguation 2). For circle
and equilateral polygon shapes, the AR was equal
to 1, but for other grain shapes, AR was greater
than 1. The FF decreased when the roughness and
elongation of grains were increased. Packing
density can also be quantified using area
weighting of grains (AW; Eguation 3), which is
the relative proportion of matrix and grains. The
angle factor (AF) is used to quantify the angular
orientation of grains and is calculated only for
elongated grains (AR > 2). The AF is computed
using a class-weighted system applied to the acute
angular differences between elongated grains
(Eguation 4). The angular differences are
categorized into nine classes, each of which is
weighted (e.g., class 1 is 0—10 ° and is weighted
by 1, class 2 is 11-20 ° and weighted by 2, etc.,
with the last class being 81-90 ° and weighted by
9).
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L
AR = — 1
= (M
4mA
FF = oz (2)
AW = >'(Grain area within the reference area boundary) 3)
B (Area boundary by the reference area)
9 /X
N(N—-1
AF =Z NN=D ), (4)
. 2
i=1
where N is the total number of elongated that influences the geotechnical properties. The
particles and xi is the number of angular quantitative assessment of rock texture is
differences in each class [80]. High values of formulated using these factors in Eguation 5[72].
these factors can be interpreted as a rock texture
T—AW[( Moo 1)+< No o ar xAF)] 5
€ Ny + N, " FF, Ny, + N, ! ! )

where Ny and N; are the numbers of grains whose AR is below and above a pre-set discrimination level
(defined as 2), respectively; FFO and AR1 are the arithmetic mean of discriminated FF and AR, respectively;
and AF1 is proposed to divide the AF value by 5 (AF1 = AF/5). The application procedure details of the TC
method are described by Howarth and Rowlands [74].

It has been noted that engineering properties of rocks (such as uniaxial compressive strength, Brazilian
tensile strength, Young’s modulus, density, shore hardness, porosity, and point load index) are enhanced
when the TC value is increased [75-78]. Therefore, TC can be used to find correlations between engineering
properties and rock texture.

It is possible to calculate the TC according to the thin sections of rock in two main ways: (i) calculating
manually; and (ii) using image analysis of the rock thin section [74]. In current study, last method for
calculating TC was used (Figure5).

In this method, pictures (in TIF format) of rock thin sections are prepared and analyzed using
JMicroVision v.1.27 software, which has been developed specially to analyze high-definition images of rock
thin sections and contains tools for either manual or automatic quantification [79].

Rock sample Thin section Microscopic analysis Imaging
e d ] . ¢

neity 81
. :
> | =
- (o}
K

t
i Measured parameters Image analysis
Data analysis p 2D measurement, Scale calibration, Personal computer
yd i JIMicroVision software

Calculated parameters for each gl‘aiﬂ All mi e d. Grain b d.
Statistical analysis .

E@ﬁ@l@

=4
a (8
: P

W

FigureS. Method of determining the texture coefficient (TC). A is an area, AF is angle factor, AR is aspect ratio, AW is area
weighting of grains, FF is form factor, L is length, N0 and N1 are the numbers of grains whose aspect ratio is below and
above a pre-set discrimination level (defined as 2), respectively, O is orientation, P is perimeter, W is width [78].
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3.5. Ductility-brittleness Indexes

Brittleness is an important parameter
controlling the mechanical behavior and failure
characteristics of

rocks under loading and unloading conditions,
such as fracability, cutability, drillability and
rockburst

proneness [5]. The term “brittle” or
“brittleness” is often qualitatively used to describe
the response and behavior of rocks under different
loading conditions (tension, compression, or
indentation) Figure 6.

The Brittleness index is often determined
based on Brazilian tensile strength (BTS) and
uniaxial compressive strength (UCS) of rock in
engineering practice [79-84]. In this study, three
common brittleness definitions include Eguation 6
and 7 [83] and Eguation 8 [85] Table 5,

Oc

Bi=2 (6)
Oc — Ot

B, =—

2 o; + o Q)
o, X 0,

By=—"—— ()

where o, and o, are the uniaxial compressive
strength (UCS) and Brazilian tensile strength,
respectively. It is generally believed that the
higher the values of B, the more brittle the rock.
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The values B, and B, are popularly used for the
assessment of rock fragmentation efficiency [86-
87].

Tension Compression

Ductile
Brittle Ductile
Ductile 2
=
\ e Transitional
i)
o . Brittle
lﬁl Brittle
I@I L]
g 32
Strain Strain

Figure6. Brittle and ductile behavior of material
under tension (the left half) and compression (the
right half) loading conditions. The right part shows
the brittle and ductile behavior of trachyte under
different confining pressures [83].

4. Results and Discussions

As mentioned earlier, holes with diameters of
5 mm, 10 mm, and 15 mm were created in the
cores using a diamond drill. As shown in Figure 7,
at the end of the drilling process, a fracture pit
was formed, and a piece of rock separated from
the back of the specimens.

Figure7. Fracture pits were formed in the granitic rock core specimens

The following are the results of the
relationship between fracture pit depth, texture
coefficient (TC), and ductility-brittleness for
granitic rock specimens.

4.1. Relationship between fracture pit depth
and mineral size

There are four types of textures: coarse-grain,
medium-grained, fine-grained, and porphyry. The
depths of the fracture pits are 3.5 cm for coarse-
grained granitic rocks, 2.5 cm for medium-grained
granitic rocks, 1.5 cm for fine-grained granitic
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rocks, and, 3 cm for porphyritic granitic rocks.
The results showed that as the dimensions of the
mineral increase, the depth of the fracture pit also
increases, but in porphyry texture, the fracture pit
depth remains between the fracture pit depths of
coarse-grained and medium-grained rocks.

4.2. Relationship between fracture pit depth
and TC

The results of texture coefficient (TC) and its
parameters are shown in Table 4.
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Table 4. Results of texture coefficient (TC)

Rock NO N1 FF0 AR AF | AW | TC
specimen
Gl 73 27 0.675 2469 | 0.943 1 1.709
G2 33 181 0666 2297 | 0.771 1 1.730
G3 144 21 0594 2417 | 0.99 1 1.774
G4 28 43 0642 2392 | 1.018 1 1.697

G1= Coarse-grained, G2= Medium-grained, G3= Fine-grained, G4= porphyry

The investigation of TC shows that in coarse-
grained to fine-grained (G1 to G3) specimens, the
TC increased, while in porphyry texture (G4), the
TC decreased. Additionally, with increasing TC,
the depth of the fracture pit after creating the hole

in granitic rock cores decreased, except for the
porphyry texture (G4).

4.3. Relationship between fracture pit depth
and ductility-brittleness

The results of brittleness are shown in table 5.

Table 5. Computed brittleness values of the rock specimen

Ro.ck B,
specimen
Gl 9.13
G2 11.01
G3 12.07
G4 10.65

B: B3(MPa)?
0.80 83.26
0.83 445.00
0.85 581.83
0.83 57831

G1= Coarse-grained, G2= Medium-grained, G3= Fine-grained,

G4= porphyry

The investigation of brittleness values shows
that in coarse-grained to fine-grained (G1 to G3)
specimens, the Bj, B, and B; values increased,
while in porphyry texture (G4), the brittleness
indexes decreased. Additionally, with increasing
brittleness indexes, the depth of the fracture pit
after creating the hole in granitic rock cores
decreased, except for the porphyry texture (G4).

5. Conclusions

The investigation was carried out on four types
of textures: coarse-grained, medium-grained, fine-
grained, and, porphyry. With increasing the
minerals size of granitic rocks, the rock strength
was decreased. With increasing the TC, rock
strength, and ductility were increased. With
increasing the minerals size, the ductility of the
rock was increased. With the increase of the
brittleness indexes, the strength of the rock
increased and the ductility of the rock decreased.
The results showed that at the end of drilling, a
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fracture pit is separated from the back of the
specimen. In granitic rocks with porphyry texture,
the fracture pit depth remains between the fracture
pit depths of coarse-grained and Medium-grained
rocks (table 6).

As seen in Table 6, B1 and Tc are important
parameters for creating fracture pits. In laboratory
tests that require drilling holes to study the effect
of the holes on rock properties, the use of a
drilling machine causes damage to the rocks. In
large scale, this phenomenon can occur in rock
masses, and drilling machines such as T.B.M. can
cause fracture pits around the created tunnels. Of
course, this issue requires further study in large-
scale projects. Finally, regarding the fracture pits
created during the drilling of rock cores with
various textures, it is recommended to use
alternative methods, such as the water jet method,
to create holes in order to avoid fracture pits and
disturbances in the rocks.
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Table 6. Relationship between TC, B: and fracture pit in granitic rocks

Coarse-grained (Gi), Medium-grained (Gz), Fine-grained (G3), _
3 TC  TC=1.709, Depthof ~ TC=1.730, Depth of fracture  TC=1.774, Depth of fracture PD(;rptlﬁyg f(rf;)mzcnifz;
! fracture pit=3.5 cm pit=2.5 cm pit=1.5 cm P P
9.13
11.01
12.07
10.65
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