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Abstract The purpose of the present study is to investigate
the variations in fracture evolution of sandstones arising
from mineralogical and textural features. For this purpose,
eight types of coal measure sandstones located in the
Zonguldak Hardcoal Basin (ZHB) were considered. The
mineralogical and textural characterizations of the rocks
were carried out. Physico-mechanical properties were
determined for each rock type. Based on quantitative strain-
based methods, the crack initiation (o.;) and crack damage
(0.q) thresholds of the sandstones were determined. The
laboratory test results indicate that the o ; and o4 of the
sandstones were found to be between 0.27-0.43 and
0.61-0.83 of the UCS, respectively. In general, the o; and
0cq correspond to 0.37 and 0.71 of the UCS, respectively.
The 6. and 0.4 decrease with increasing the sorting coef-
ficient (S.), average grain size (dsg, mm), contents of feld-
spar (F, %), and lithic fragment (LF, %). On the other hand,
increasing quartz content (Qtz, %) increases those variables.
Remarkable changes were obtained in the o; and 0.4 when
effective porosity (n.) and pulse wave velocity (V},) of the
rocks exceed 3% and 3.00 km/s, respectively. As a result of
mineralogical analyses and laboratory studies, statistical
analyses were carried out. Accordingly, the o.; and 0.4 could
be estimated reliably using several empirical relationships
established in the present study. In order to represent the
importance and utilization of rock mineralogy and texture
for underground mining applications in the ZHB, several
suggestions and considerations related to a V-cut gallery
blasting operation were introduced.
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Introduction

The mechanical behavior of rocks is of great importance to
such investigations regarding open-pit and underground
mining applications, tunneling, and extraction of natural
resources such as coal, petroleum, natural gas, and hydro-
carbons. In this respect, the fracture evolution of rocks
stemming from drilling—blasting, excavation methods, and
in situ stress states takes an important part in assessing the
stability, reliability, and sustainability of those applica-
tions. Attempts to understand fracture mechanism around a
rock mass have mainly involved laboratory investigations
of rock materials, physical models as well as numerical
analyses. On a theoretical basis, fracture evolution of rock
materials under axial loading conditions is typically divi-
ded into four stages. These are crack initiation (1), crack
propagation (2), unstable crack growth (3), and failure (4),
each of which occurs at specific stress states [1, 2]. Crack
initiation represents the stress level (o, MPa), where the
first microfracture occurs in the rock itself. After the o.; has
been reached, secondary cracks are initiated with pro-
gressive loading, which is called crack propagation. The
crack damage stress (g.4, MPa) describes the point, where
unstable crack growth commences followed by crack
propagation. At the end of the o4, fracture evaluation in a
rock material ends up with a failure (Fig. 1).

Recently, the physical meaning and interpretation of
stress state corresponding to crack initiation and damage
have been investigated profoundly with a view to several
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Fig. 1 Schematic representation of different stages of fracture
evolution in a rock material under axial loading (modified after [1])
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rock engineering approaches. The o, was used in exca-
vation damage and stability analyses of several rock mas-
ses [3-6]. Martin and Christiansson [7] suggested that the
g could be drawn on estimations of the in situ spalling
strength of crystalline rock masses. Damjanac and Fair-
hurst [8] pointed out that the o; could also be utilized for
the evaluation of long-term behavior of crystalline rocks.

Jiang et al. [9] performed several numerical analyses to
investigate the effects of water jet applications on the
fracture evolution of rocks. According to the numerical
analyses, the researchers pointed out that crack initiation
and propagation are key parameters to water jet applica-
tions. Lu et al. [10] indicated that controlling hydraulic
fracturing and permeability of coal measure rocks could be
possible with a branched tree-type borehole array whose
performance has a link to crack initiation of rocks.

Liu et al. [11] expressed that higher values of g; could
give rise to lower penetration rates of tunneling boring
machines (TBMs). Niu et al. [12] performed extensive
research on sandstones that was focused on the variations
in the o, due to freezing—thawing (FT) cycles. The
researchers demonstrated that the o decreased substan-
tially due to progressive FT cycles. They consequently
claimed that the variations in ¢; values could be a com-
plementary parameter in such rock engineering applica-
tions in cold regions.

The quantifications of ¢; and o.4 under axial loading are
mainly conducted based on two different methods. The first
method deals with stress—strain curves of rock materials,
where axial (e), lateral (e,), and volumetric strain
(e, = 2¢, + &) has been regarded [1, 13-19].

The latter covers cumulative acoustic emission (CAE)
counts varying throughout the axial loading [2, 20-24]. In

general, the o; and .4 are mainly defined as a function of
uniaxial compressive strength (UCS, MPa) of rocks. Typ-
ical intervals of o, and o4 are listed in Table 1. It was
reported in such previous studies that a number of factors
have influences on the 6. and 6.q. The main factors are
mineralogical and textural features, rock weathering,
mechanical properties as well as loading conditions (i.e.,
uniaxial or triaxial loading).

Erisis et al. [24] found that increasing the ground mass
(Gm) in basaltic rocks results in an increase in the o;. For
igneous rocks, the increase in alkali feldspar (K-Feld.)
minerals escalates the o, whereas those in plagioclase
(Plg) and biotite (Bt) lower the a; [25]. On the other hand,
for sedimentary rocks (i.e., shale, calcareous shale, and
argillaceous shale) cracks are initiated at higher stress
levels when the carbonate content is greater than that of
clay content (C.) [25]. Basu and Mishra [27] found that
increasing effective porosity (n., %) and rock weathering in
granites lower the o;.

Similar to what Nicksiar and Martin [25] stated, Undiil
et al. [29] reported that the increase in the Bt quantities of
andesitic rocks decreases the ;. In addition, using mineral
contents of Plg, amphibole (Amp), and Gm, the researchers
determined a positive correlation between the ratio of
(Plg + Amp)/Gm and the a;.

Koken [31] demonstrated that textural features of
limestones have effects on their stress—strain behaviors.
Nicksiar and Martin [32] performed discrete element
analyses to investigate factors affecting crack initiation in
low-porosity crystalline rocks and concluded that the
sorting degree of grains in the rock samples modeled has
enormous impacts on the peak and crack initiation stresses.
For dolomitic rocks, the increase in grain size and porosity
also cause a decrease in the g.; [33]. However, increasing
grain size in granitic rocks has enormous impacts on the
0.q rather than the o; [34]. Backers and Stephansson [35]
and Haeri et al. [36] reported that crack propagation has a
link to Ky type fracture toughness as a mechanical prop-
erty. The o and 0.4 were also investigated by triaxial
compression tests [19, 37-39]. Accordingly, the o;
increases remarkably in parallel with confining pressure
(03, MPa).

The above-mentioned studies put into different per-
spectives on the applicability and importance of crack
initiation and propagation for issues relating to rock
engineering practices. The present study aims to explore
the fracture evolution of the coal measure sandstones
located in the Zonguldak Hardcoal Basin (ZHB,
Zonguldak/Turkey) under axial loading conditions.
Eight types of coal measure sandstones with different
textural and mineralogical features were considered.
Mineralogical and textural features of the sandstones
were explored by different quantitative approaches.
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Table 1 Typical values of o.; and o4 under uniaxial compression for several rock types

Rock type 0/UCS .4/UCS UCS (MPa) References
Diorite 0.35-0.56 (0.49)* NR-NR (NR) 171-294 (227) [17]
Granite 0.47-0.59 (0.51 NR-NR (NR) 112-157 (137) [18]
Siltstone 0.33-0.59 (0.43) 0.63-0.90 (0.77) 96-142 (131) [19]
Various igneous rocks 0.43-0.50 (0.48) 0.64-0.90 (0.76) 143-225 (177) [20]
Sandstone 0.31-0.54 (0.41) NR-NR (NR) 72-104 (86) [23]
Granite 0.32-0.65 (0.43) NR-NR (NR) 102-124 (116)

Basalt 0.33-0.54 (0.41) 0.83-0.98 (0.92) 145-271 (206) [24]
Various rock types 0.42-0.47 (0.45) NR-NR (NR) 15-371 (178) [25]
Granite 0.42-0.62 (0.44) 0.65-0.94 (0.79) 129-157 (146) [26]
Granite with different weathering grades 0.18-0.58 (0.38) NR-NR (NR) 80-184 (143) [27]
Granite 0.49-0.53 (0.51) 0.62-0.79 (0.71) 166-198 (178) [28]
Andesite 0.39-0.54 (0.46) NR-NR (NR) 103-289 (179) [29]
Limestone 0.25-0.47 (0.35) 0.78-0.99 (0.91) 53-151 (103) [30]
Limestone 0.39-0.43 (0.42) NR-NR (NR) 47-95 (71) [31]
Sandstone 0.27-0.43 (0.37) 0.61-0.83 (0.71) 54-167 (96) The present study

The values were obtained from the referenced papers, adopting directly and recalculating from relevant tables and figures
NR not reported
#Average value of relevant variables

Fig. 2 Laboratory equipment
and materials used in laboratory
studies. a Drilling procedure,

b some of the cylindrical
samples prepared, ¢ pulse wave
velocity test, d determination of
UCS, E;, and vy

AMLCROMACGRRARMCGRRRARRRRRALE L R bbb bbbt

LVDT sensors;

Sensor I used to measure lateral displacement,
Sensor II used to measure axial displacement.
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Fundamental physical and mechanical properties were
determined for each rock type. Based on the stress—strain
relations of the rocks, the variations in o and o.q4 were
investigated.

Materials and Methods

Representative rock blocks of the sandstones were obtained
from several underground coal mines in the ZHB, and they
were used to prepare rock samples for laboratory studies.
The determination of physical [i.e., dry unit weight,
Yd (kN/m3), and effective porosity, #n. (%)], and mechanical
properties [UCS (MPa), pulse wave velocity, V,, (km/s),
tangential Young modulus, E; (GPa), and tangential

0.4 0.6 0.8 1.0 0 2 4 6 8 10
ARCSR (x 1072)

Poisson’s ratio, v;] was conducted in accordance with the
suggestions of International Society of Rock Mechanics
[40]. For this purpose, representative rock blocks were
drilled using a drill core with a diameter of 54.7 mm
(Fig. 2a). Following the drilling procedure, cylindrical core
samples were prepared for each rock type (Fig. 2b). The
physical and mechanical rock properties were determined,
using core samples with a length-to-diameter ratio of
2.0-3.0 under oven-dried conditions.

The pulse wave velocity (Vp, km/s) of the sandstones
was determined using a Pundit Plus ultrasonic testing
apparatus (Fig. 2¢). For each rock sample, ten measure-
ments of pulse waves were recorded and average values
were presented. The UCS and static elastic constants (i.e.,
E,; and v;) were determined using a stiff loading machine
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Fig. 4 Typical thin sections, SEM images, XRD, and FTIR patterns of the sandstones [Q¢z quartz, Plg plagioclase, K-Feld. alkali feldspar, Prx
pyroxene, Bt biotite, Cal calcite, Chl. chlorite, Op opaque minerals, CI. clay minerals, F' feldspar (including both Plg and K-Feld. minerals), LF:

lithic fragment (including Prx., Bt., Cal., Op., etc.)]
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Thin section SEM Image
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Fig. 4 continued

whose stress rate was within the limits of 0.5-1.0 MPa per
second. In order to measure lateral and axial displacements,
linear variable differential transformers (LVDT) were uti-
lized (Fig. 2d).

Since previous methods (i.e., Lajtai [1], Brace et al.
[13], and Stacey [14]) estimating the o necessitate
drawing tangential lines, these methods could be declared
somewhat subjective or variable according to users
[18, 41]. Therefore, more precise and objective methods to
estimate the o.; were adopted in the present study. These
are lateral strain response (LSR) method [17], objective
volumetric strain response (OVS) method [18], and relative
compression strain (RCSR) method [19].

The implementation and calculation steps of the
above-mentioned methods are illustrated in Fig. 3. The
implementation of the above-mentioned methods starts
with the determination of o.. Practically, the o
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represents the stress state corresponding to the point of
¢, reversal [13]. Establishing a reference line between
the zero point (i.e., 0, = 0) and the 0.4, the strain dif-
ferences between the reference line and relevant axial
stress—strain curve (e.g., lateral strain difference plotted
with red line segments, ALSR) were calculated for
several axial stress states. The variations in strain dif-
ferences as independent variables form a parabola [e.g.,
f (o) = t1x2 + tox + t3], and the peak of this parabola
is defined as the g (i.e., o.; = —t»/2¢1). In the light this
description, the o.; was determined using the methods
given in Fig. 3.

Mineralogical and textural features of rock materials
were investigated through thin sections, X-ray diffraction
(XRD), and Fourier transform infrared (FTIR) analyses. In
those analyses, quantities of rock-forming minerals and
textures properties (i.e., grain size, sorting of grains) were
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Table 2 Mineralogical composition of the sandstones

Rock type Qtz. (%) Plg. (%)* K-Feld. (%)° LF. (%)° Clay content, Cement type Classification
C. (%)‘l‘e (according to Folk [42])
S-1 31 26 2 37 4 Silica—clay Feldspatic litharenite
29 25 1 36 9
34 20 1 40 5
S-2 57 12 1 25 5 Silica—clay Feldspatic litharenite
58 14 1 23 8
54 13 2 24 7
S-3 35 27 1 27 10 Silica—clay—carbonate Feldspatic litharenite
36 23 1 32 8
34 25 1 35 5 Lithic arkose
S-4 44 13 2 33 8 Silica—clay Feldspatic litharenite
48 11 1 35 5
46 14 - 35 5
S-5 52 16 2 22 8 Silica—clay Feldspatic litharenite
56 16 1 25 2
50 12 2 30 6 Lithic arkose
S-6 78 4 - 16 2 Silica—clay Sublitharenite
80 4 - 11 5
75 4 - 19 2
S-7 36 22 5 30 7 Silica—clay Feldspatic litharenite
30 16 3 42 9
34 18 4 38 6
S-8 69 11 - 15 5 Silica—clay Feldspatic litharenite
72 7 - 17 4
77 6 - 11 6 Sublitharenite

#Plagioclase (Plg) minerals include albite (Na-rich)—anorthite (Ca-rich) series

"Alkali feldspars (K-Feld.) are mainly orthoclase and microcline presenting gridiron twinning

“Lithic fragments (LF) comprise: (1) gravel substitutions such as micro-quartzite with undulose extinction and volcano sedimentary particles, (2)
detritic igneous constituents (i.e., hornblende, biotite, tremolite, actinolite, annite, chlorite, and pyroxene minerals), (3) carbonate-based frag-
ments (i.e., calcite, aragonite, etc.), (4) opaque minerals (i.e., magnetite, ilmenite, etc.)

dclay minerals (i.e., illite, montmorillonite, etc.)

°Clay contents were calculated, considering SEM, XRD, and FTIR analysis results

determined. Furthermore, the number of C_ in the sand-
stones was also investigated through scanning electron
microscope (SEM) analyses.

The XRD analyses were carried out, using a Bruker D8
diffractometer, whereas FTIR and SEM analyses were
performed through a Thermo Scientific Nicolet 6700
spectrometer and Gemini SEM 300 analyzer, respectively.
In addition, textural properties of rock materials were
investigated through modal analyses of thin sections.

For each rock sample, four thin sections (two pieces at
bottom and upper surfaces) perpendicular to loading
direction were prepared. In thin section observations, the
point-counting method was adopted to quantify rock-
forming minerals. The XRD patterns were analyzed, using
Panalytical Highscore Plus software with a database of

@ Springer

PDF 2, so that the quantities of rock-forming minerals were
determined semiquantitatively.

The FTIR patterns were also utilized to reveal common
rock-forming mineral types and possible cement type of the
sandstones. Wavenumbers (cmfl) obtained from the FTIR
analyses were compared with the XRD patterns, thin sec-
tion analyses, and relevant previous studies as well. Based
on the quantities of rock-forming minerals, the sandstones
were classified according to Folk [42].

Texture-based variations in the sandstones were
revealed, considering the sorting coefficient (S.) and
average grain size (dsg, mm). The determination of the S,
deals with calculating surface areas of rock-forming min-
erals and analyzing them for specific areas occupied in thin
sections. The surface area of any rock-forming mineral is
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Table 3 Modal analysis results of the sandstones

Rock type Pos [ ®s0 P16 @5 ) dso (mm) n Sorting classification
(Folk and Ward [43])°

S-1 5.606 4.189 0.765 —0.192 — 1.959 2.241 0.713 974 Very poorly sorted
5.240 3.852 0.643 — 0.105 — 1.801 2.056 0.725 810 Very poorly sorted
5.584 4.481 0.894 — 0.216 — 2.042 2.329 0.689 871 Very poorly sorted

S-2 4310 3.777 2.963 2.148 1.616 0.815 0.148 1124 Moderately sorted
4.165 3.842 2.883 2.013 1.491 0.862 0.164 1210 Moderately sorted
4.152 3.910 3.048 1.881 1.596 0.894 0.129 1058 Moderately sorted

S-3 3.325 2.310 0.766 —0.111 — 1412 1.323 0.622 1160 Poorly sorted
3.683 2.684 0.742 — 0.125 — 1.391 1.471 0.741 1281 Poorly sorted
3.547 2.273 0.872 — 0.083 — 0.940 1.269 0.595 1314 Poorly sorted

S-4 4.158 3.246 1.513 —0.125 — 0.489 1.547 0.426 1047 Poorly sorted
4.450 3.672 1.893 — 0.347 — 0.764 1.795 0.374 956 Poorly sorted
4.673 3.349 1.438 — 0.095 — 0.559 1.653 0.440 891 Poorly sorted

S-5 5.364 4.692 3.663 2.635 1.962 1.029 0.098 1020 Poorly sorted
5.725 5.022 3.947 2.873 2.170 1.076 0.083 1322 Poorly sorted
6.098 5.419 4.379 3.340 2.660 1.040 0.061 1139 Poorly sorted

S-6 3.162 2.635 1.526 0.996 0.460 0.819 0.318 863 Moderately sorted
3.005 2.410 1.793 0.895 0.524 0.755 0.244 798 Moderately sorted
3.250 2.468 1.671 0.840 0.482 0.826 0.276 904 Moderately sorted

S-7 5.938 4.492 1.453 0.645 — 0.407 1.923 0.389 1088 Poorly sorted
6.472 5.502 1.279 0.205 —0.762 2.345 0.402 1038 Very poorly sorted
6.094 4.581 1.176 0.485 — 0.203 1.978 0.366 1126 Poorly sorted

S-8 4.542 3.861 3.404 2.696 2.211 0.644 0.116 1209 Moderately well sorted
4.614 3.963 3.521 2.819 2.022 0.679 0.081 1124 Moderately well sorted
4.382 3.805 3.686 2.755 1.998 0.624 0.062 1177 Moderately well sorted

“The S, was determined using Eq. 4

"Number of observations in modal analyses

“Sorting classification is based on S, values

digitized using MATLAB R2019a and determined by the 1A

following equation: De =/— (2)

Azé in(ym) —Z)’t(xm) (1)

where x; and y; are digitized coordinates of the boundary
surfaces.

For specific areas in each thin section (e.g.,
3045 mmz), surface areas of rock-forming minerals were
determined and analyzed statistically. Based on the
assumption that the anhedral grains could be acknowledged
somewhat spherical or elliptical for sandstones, the surface
area determined by Eq. 1 was equalized to the area of a
circle in two dimensions.

Consequently, the S. is determined by the following
equations:

T

where D, is the equivalent diameter of the grain (mm) and
A is the surface area of the grain (mm?”) determined by
Eq. 1.

¢ = —log,(De) (3)

where ¢ is the size value of the grain; D, is in mm.

Pga — P16 | Pos — Ps
= 4
¢ 40 66 4)
where @os, ¢34, @16, and (s represent the size values at
95%, 84%, 16%, and 5% at cumulative percentages,
respectively [43].
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Table 4 Physical and mechanical properties of the sandstones

Rock 74 kN/m?®  n, Vo Ey Vii OG(LSR)  0ci(OVS)  Oci(RCSR)  Oci(mean)  Ocd ucs Ocitmeany!  Ocd!
type (%)  (km/s) (GPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) UCS UCS
S-1 23.82 543 271 16.01 024 2350 22.35 24.23 23.36 50.12 7941 0.29 0.63
23.87 520 294 20.58 022 21.14 19.70 20.44 20.43 48.87 7530 0.27 0.65
23.68 7.86 2.52 1052 025 20.99 18.76 21.30 20.35 4451 66.53  0.31 0.67
S-2 25.20 1.80 3.98 2474 021  40.38 38.62 41.09 40.03 70.96 95.56 0.42 0.74
24.93 1.72  4.05 2540 021  38.90 37.52 37.30 37.91 68.06 92.17 041 0.74
24.77 2.09 322 21.39 020 36.67 35.18 37.01 36.29 62.25 87.44 041 0.71
S-3 23.80 350 275 13.26 027 24.64 23.05 25.48 24.39 48.54 69.09 0.35 0.70
23.85 394 258 1513 025 22.05 19.44 21.95 21.15 40.70 60.27 0.35 0.68
24.25 423 254 13.27 024 21.80 20.66 22.14 21.53 39.61 58.74  0.37 0.67
S-4 23.64 594 288 17.19 023 24.04 21.62 23.35 23.00 45.68 6347 0.36 0.72
23.84 6.08 299 12.09 028 20.09 2043 21.27 20.60 37.31 54.19  0.38 0.69
24.02 647  2.65 1480 025 22.56 18.75 20.93 20.75 41.29 59.28 0.35 0.70
S-5 24.82 1.25 443 3720 0.15 4245 41.86 41.65 41.99 81.20 11429 0.37 0.71
25.10 094 427 3220 0.12  43.62 42.19 43.05 42.95 79.81 106.54 0.40 0.75
24.92 1.30 451 3586  0.14 40.28 39.56 41.30 40.38 76.11  102.26  0.39 0.74
S-6 26.31 1.95 4.15 2532 025 47.50 42.83 46.90 45.74 89.84 115.09 040 0.78
26.63 1.87 422 3277 022 56.75 55.62 55.99 56.12 117.35 140.58 0.40 0.83
26.07 1.68  3.90 2992 026 5237 53.02 53.26 52.88 95.64 124.16 0.43 0.77
S-7 25.21 237  3.66 2431 024 33.54 31.06 33.62 32.74 65.10 106.73 0.31 0.61
2542 1.00  3.52 21.15 023 31.85 30.60 32.28 31.58 62.23 9746 0.32 0.64
25.34 1.46  3.50 18.57 024 3243 29.61 31.60 31.21 64.16 9225 0.34 0.70
S-8 26.65 0.79 433 2535 0.16 53.08 51.37 52.75 52.40 100.25 139.16 0.38 0.72
26.38 0.86 4.51 29.11  0.15 52.19 51.77 52.44 52.13 102.70  149.74  0.35 0.69
26.24 0.92 4.62 29.61 0.15 66.40 63.61 64.22 64.74 121.05 166.57 0.39 0.73

ya dry unit weight, n. effective porosity, V,, pulse wave velocity, E; tangential Young modulus, v;; tangential Poisson’s ratio, g sr) crack
initiation stress obtained through the LSR method, o.jovs) crack initiation stress obtained through the OVS method, o.jrcsr) crack initiation
stress through the RCSR method, 0.imean) average crack initiation stress of three strain-based methods, 0.4 crack damage stress

Laboratory Studies
Mineralogical and Textural Properties

Typical thin sections, SEM images showing the presence of
clay content, XRD, and FTIR patterns of the sandstones are
given in Fig. 4. From mineralogical and textural points of
view, it 1S obvious that the sandstones differ from one
another. Based on the mineralogical inspections, miner-
alogical compositions of the sandstones are given in
Table 2.

According to the classification of Folk [42], the sand-
stones were identified, varying from Sublitharenite to
Lithic arkose. The cement type of the sandstone mainly
comprises the mixture of silica and clay particles lower
than 20 pm.

Focusing on the SEM and FTIR analyses, it was deter-
mined that the C. in the sandstones differs at average rates

@ Springer

of 2-10%. The types of clay particles are mainly illite,
montmorillonite, and sometimes kaolinite.

In the FTIR patterns, clay particles are typically char-
acterized with wavenumbers between 3418 and
3819 cm™!, whereas siliceous minerals (quartz, feldspar,
etc.) are characterized by wavenumbers ranged from 582 to
1163 cm™!. Calcium-based mineral associations (i.e., cal-
cite, aragonite, Ca-rich plagioclases) are observed at
wavenumbers between 1417 and 2832 cm™ .

The modal analysis results are given in Table 3. The ds,
of the sandstones was found to be between 0.061 and
0.741 mm. Based on the S, classification of Folk and Ward
[43], the sandstones were identified as from moderately
well to very poorly sorted. Furthermore, during modal
analyses, it was determined that the increase in LF contents
results in achieving higher S, values. However, combining
the values given in Tables 2 and 3, it could be claimed that
there is no remarkable relationship between the S, and C..



Indian Geotech J (December 2020) 50(6):1033—-1040 1033
100
80 80
: 80
= 60 = ,&\60
£ & 60 o 3
€ 40 . 240
° Sample ID : S=1 & Sample ID : S-2 & Sample ID : S-3
20 UCS =79.41 MPa 20 UCS =95.56 MPa 20 UCS = 69.09 MPa
Eq = 20.58 GPa Ei=24.74 GPa Ei =13.27 GPa
0 vi=0.22 0 vi = 0.21 0 vi = 0.
3 -2 -1 0 1 2 3 4 5 6 2 -1 _0 1 2 3 _ 4 5 32 -1 01 2 3 4 5 6
£x(x 1073) £2(x 1073) ex(x 1073) £2(x 1073) £x(x 1073) £2(x 1073)
120
120
80
100 100
=60 = 80 =80
[ & [-»
£ 40 z Z 60
e Sample ID : S-4 © 40 Sample ID: S-5 640 Sample ID : S-6
20 UCS = 63.47 MPa 20 UCS = 114.29 MPa 20 UCS = 115.09 MPa
Eq=17.19 GPa Eq =37.20 GPa Eq =25.32 GPa
0 vi = 0.23 0 vi = 0.15 0 v =0.25
321 01 2 3 4 5 6 2 -l 0 2 3.4 2 .0 1 2 3_ 4 5
ex(x 1073) £2(x 1073) ex(x 107) £2(x 10~) £x(x 1073) £2(x 1073)
120 160 &
100 — 140 \Axial stress (¢ ,) - lateral strain (¢y) curve
,\120 \\Axial stress (6 ;) - axial strain (g,) curve
580 Z100 Axial stress (o ) - volumetric strain (ey)
S xial stress (¢ ) - volumetric strain (g
E, 60 % 80 \(av —Be g, urve =
N N 60 4 i i
© 40 Sample ID : S-7 © s Sample ID: S-8 @ Unstable crack growth (c¢q)
20 UCS = 102.73 MPa UCS = 149.74 MPa (According to Brace et al. [13])
Ei =24.31 GPa 20 Ei=29.11 GPa
0 vi=0.24 0 vi = 0.15
32 - 1 2 3_4 5 3 02 -1 0 2 3 4 5
ex(x 1073) £2(x 1073) ex(x 1073) £2(x 1073)

Fig. 5 Typical stress—strain curves of the sandstones

Table 5 Pearson’s correlation matrix of the mineralogical and textural features

Parameter

S. dso Qtz. F LF C.

Oeitmean) - 0.776 - 0.793 0.884 - 0.756 — 0.888 - 0.365
e - 0.710 — 0724 0.854 —0.729 — 0871 — 0.340
Ged/Feimean) 0.594 0.602 — 0.400 0.380 0.347 0.200
Geitmeany/UCS — 0.825 —0.704 0.748 —0.702 — 0.651 — 0375
6.a/UCS —0.745 — 0.560 0.793 - 0772 - 0707 — 0361

S. sorting coefficient, dsy average grain size (mm), Qfz quartz content (%), F' Feldspar content (%) is the sum of Plg. and K-Feld. minerals, LF
lithic fragment content (%), C. clay content (%)

Physical and Mechanical Properties

The physical and mechanical properties of the sandstones
are listed in Table 4. It was determined that the UCS of the
sandstones is between 54 and 167 MPa. The n. is
approximately between 0.8 and 8.0%. The V, of the
sandstones varies from 2.50 to 4.60 km/s. The static elastic
constants of E; and v vary also between 10-38 GPa and
0.12-0.28, respectively. Typical stress—strain curves of the
sandstones are given in Fig. 5.

Using these stress—strain curves of the sandstones, the
o, and o.4 were determined according to the methods
mentioned previously in “Materials and Methods” sec-
tion. As a result, the o, and o.4 were found to be in the
range of 0.27-0.43 and 0.61-0.83 of the UCS, respectively.
In general, it was determined that the o.; and g.4 corre-
spond to 0.37 and 0.71 of the UCS, respectively.

@ Springer
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Results and Discussion

Effects of Mineralogical and Textural Features
on the 6. and 6.4

It was determined that the fracture evolution of the sand-
stones is associated with the variations in mineralogical

@ Springer

Uniaxial compressive
strength, UCS (MPa)

and textural features. For instance, the o; and .4 decrease
with increasing the dsp, S., and contents of F and LF,
whereas they increase in parallel with Qtz content. The
effects of mineralogical and textural features on the
strength properties are summarized in Table 5.

It can also be seen in Table 5 that the ratio of
Ocd/Oci(mean) iNCreases with increasing the S; and dsq. Since
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Table 6 Pearson’s correlation matrix of the physico-mechanical properties

Parameter Vd Ne UCS Vo E; Vi
Oci(mean) 0.915 —0.791 0.961 0.901 0.812 — 0.602
Ocd 0.922 — 0.753 0.978 0.885 0.806 — 0.583
Ocdl Oci(mean) — 0.245 0.438 - —0.322 —0.233 0.201
Oci(meany/ UCS 0.474 — 0.497 - 0.527 0.473 — 0.263
0.4/UCS 0.531 — 0394 - 0.546 0.539 —0.243

yq dry unit weight (kN/m3), n. effective porosity (%), UCS uniaxial compressive strength (MPa), V,, pulse wave velocity (km/s), E; tangential

Young Modulus (GPa), v, tangential Poisson’s ratio

the higher values of S, describe heterogeneity in the rock
itself, the o, and 0.4 decrease with increasing the S.
(Fig. 6a). Increasing dsq also acts on the o and g4 in a
similar manner to that of the S. (Fig. 6b). From miner-
alogical perspectives, the increase in the content of LF also
poses heterogeneity in the rocks and therefore reduces the
strength properties (Fig. 6c¢).

The decrease in o; and o 4 arising from textural and
physico-mechanical properties might be interpreted, refer-
ring to release surfaces enlarged exponentially in the rock
itself and therefore dislocation of grains during axial
loading. As given in Fig. 6, though the interrelation
between the S. and dsy is not obvious, their variations
together could provide satisfactory results in assessing the
heterogeneity in the sandstones. The adverse effects of
increase in grain size on strength properties of various rock
types were also reported by several researchers
[3, 25, 33, 34, 44-46]. From this aspect, the findings given
in Fig. 6 are in good agreement with these studies.

Effects of Physico-Mechanical Features on the o
and 6.4

Laboratory studies showed that the o, and 0.4 increase
with decreasing n., whereas they increase with increasing
the properties of y4, UCS, V,,, and E; (Table 6). In par-
ticular, the first cracks in the rock itself were initiated much
earlier when the n, of rocks exceeds 3% (Fig. 7a). When it
comes to the changes in V, values, remarkable changes in
the o and 0.4 were obtained when the V, exceeds
3.00 km/s (Fig. 7b). In the direction of these findings, apart
from the UCS, it could be claimed that fracture evolution
of the sandstones could also be assessed, considering the
variations in n. and V;, values.

Moreover, it was also revealed that the crack initiation
and propagation in the sandstones are independent from the
Modulus ratio (MR: E;/UCS). However, the fracture evo-
lution of the sandstones seems to be associated with the
static elastic constants of E; and vy (Table 6). The

remarkable changes in g, and .4 corresponding to the
conditions of n. > 3% and V, > 3.00 km/s could be
declared the threshold values that might pave the way for
estimations relating strata control and stability analyses of
the longwalls and galleries whose roof strata of longwalls
located in the ZHB are composed of the investigated
sandstones.

Statistical Analyses

Based on the mineralogical analyses and laboratory test
results (Tables 2, 3, 4), statistical analyses were performed.
Excluding the UCS as an independent variable, statistically
remarkable relationships are listed in Table 7. In general,
the statistical analyses indicated that textural features of
sandstones could take a part in the assessment of crack
initiation for the sandstones.

In view of the fact that the correlation of determinations
(R*) for Egs.2 and 3 (0.58 and 0.61, respectively) is
greater than those of Egs. 10 and 11 (0.48 and 0.50,
respectively), it is clear that the textural features of dsy and
S. are relatively more influential in estimating the o; rather
than the 6.4. Similar results could also be observed, com-
paring the R* of Eq. 14 (0.67) with that of Eq. 15 (0.53). In
the light of this finding, it is possible to state that the
textural features are reasonable factors that affect crack
initiation of the sandstones investigated.

In terms of mineralogical effects on fracture evolution of
the sandstones, the increase in the LF content gives rise to
pose heterogeneity that has similarities with the effects of
S.. Therefore, its increase lowers the o, and 0.4 (Egs. 1
and 9 in Table 7). As for the mineralogical and physico-
mechanical features, the o could be predicted reliably,
using Eqs. of 1 and 5-8. However, other relationships such
as Egs. 9 and 13 could be utilized to predict the .4
(Table 7).

According to the strain-based methods to quantify the
g, it was statistically determined that the OVS method
provides o; values approximately 4% lower than those of
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Fig. 7 Variations in o; and o4

—_~
£
~

due to several physical and 80 160 Effective porosity,
mechanical properties. a The n., E ne(%)
b the V, = + <1
\560— 1201 ¢ 1to<3
g & & B 3to<6
22 g =) 0 26
5 40 Z & 80
g‘é 2 5 > 6= 0.71UCS
g: g9 R2=0.90
> S 0@
<.8 20 40
S
E
0 — T T T T T T_ " ] 0 — T T T T T ]
0 40 80 120 160 200 0 40 80 120 160 200
Uniaxial compressive Uniaxial compressive
strength, UCS (MPa) strength, UCS (MPa)
(b) ¢

(o)
o
|

Average crack
initiation stress, 6 cignean) (VIP2)
N
(e}
|

3]
S
1

S

80 Ppulse wave velocity, Vp (km/s)

T T
40 80

(=]

Uniaxial compressive
strength, UCS (MPa)

the LSR and RCSR methods (Egs. 17, 18). On the other
hand, the methods of LSR and RCSR methods provide
nearly similar results (Eq. 18).

Links to Utilization of Mineralogical and Textural
Features for Underground Excavations in the ZHB

In the direction of the previous studies [3-7], it seems
logical to suppose that crack initiation could be explored
for V-cut gallery blasting operations and overburden anal-
yses in the ZHB. In this respect, the findings obtained from
the present study could contribute to those of applications.

According to practices on V-cut gallery blasting opera-
tions in the ZHB, it could be acknowledged that miner-
alogical and textural analyses in the direction of sandstone
lithofacies for underground coal mining are not taken into
consideration. However, focusing on systematical records
of mineralogical and textural features, practical experi-
ences and data could be collected for relevant engineers in
the ZHB. With the help of these systematical records
through sampling/logging, an example of which is
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illustrated in Fig. 8, the optimization of explosive con-
sumption in a gallery blasting could be explored.

In Fig. 8, a gallery face, which is composed of a single
sandstone stratum and observed frequently in the ZHB, is
given as Case I. For single but various sandstone litho-
facies, crack initiation stress thresholds in conjunction
with rock mass classifications [47, 48] could be a key
parameter for the optimization of gallery blasting opera-
tions and overburden control. Within this scope, present
and upcoming gallery faces should be explored pro-
foundly from mineralogical and textural perspectives.
It may cover several stages including a dataset, where the
amount of explosive consumption and its blasting pattern
per V-cut operation, the quantitative data intentionally
blanked for other sandstone lithofacies in Fig. 8, amount
of face advance after blasting and overburden observa-
tions might be present. Thanks to this comprehensive
dataset, sensitive analysis could be carried out for the
optimization of V-cut gallery blasting operations.

On the other hand, considering the presence of litho-
logical changes followed by face advance (e.g., the
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Table 7 Statistical analysis results
Independent variable Equations No. Estimate SE t value F value R?
LF Oci(mean) = 71.07 — 1.29LF 1 71.07 4.13 17.21 81.92 0.77
- 1.29 0.14 —9.21
S Oci(mean) = 59.68 — 18.05S, 2 59.68 4.52 13.19 33.40 0.58
— 18.05 3.12 —5.78
dso Oci(mean) = 51.28 —45.51ds 3 51.28 3.09 16.61 37.19 0.61
— 4551 7.46 - 6.10
Te Oci(mean) = 50.21 — 4.96n, 4 50.21 2.96 16.96 36.70 0.60
— 4.96 0.82 6.05
Vo Oci(mean) = —22.46 + 16.32V,, 5 — 2246 6.09 — 3.69 94.64 0.80
16.32 1.68 9.73
Qtz., V, Oci(mean) = —18.56 + 0.37Qtz + 9.89V), 6 — 18.56 4.37 4.25 107.12 0.90
0.37 0.08 4.63
9.89 1.78 5.56
LF, n, Oci(mean) = 68.60 — 0.94LF — 2.44n, 7 68.60 3.22 21.30 78.18 0.87
— 094 0.14 6.71
— 244 0.60 — 4.07
F, n. Oci(mean) = 60.96 — 0.90F — 3.65n, 8 60.96 2.62 23.27 63.03 0.84
— 0.90 0.15 — 6.00
— 3.65 0.56 —6.52
LF 0ed = 133.84 — 2.37LF 9 133.84 8.23 16.27 69.10 0.75
— 237 0.28 — 8.46
S 0eq = 110.01 — 30.84S, 10 110.01 9.44 11.65 2242 0.48
— 30.84 6.51 — 4.74
dso Ged = 95.62 — 77.60ds 11 95.62 6.52 14.67 24.26 0.50
— 77.60 15.82 — 4091
e Oed = 94.83 — 8.81n, 12 94.83 5.94 15.95 28.74 0.54
— 8.81 1.64 —5.36
A Oeq = —37.60 +29.93V, 13 — 37.60 12.24 —3.07 79.47 0.77
29.93 3.36 8.91
S a[.,-(mm)/UCS = 0.445 — 0.060S, 14 0.445 0.013 34.23 46.91 0.67
— 0.060 0.009 — 6.67
S 0.4/UCS = 0.793 — 0.064S, 15 0.793 0.018 44.06 27.40 0.53
— 0.064 0.012 — 534
OGi(LSR) aciovs) = 0.9600(sr) 16 0.960 0.0070 137.14 - 0.93
OGi(RCSR) aciovs) = 0.9660rcsr) 17 0.966 0.0068 142.06 - 0.93
OGi(LSR) ociresr) = 0.9940.i(Lsr) 18 0.994 0.0047 211.49 - 0.95

Otz quartz content (%), LF lithic fragment content (%), F feldspar content (“The sum of Plg. and K-Feld. minerals, %), S sorting coefficient, dso
average grain size (mm), n. effective porosity (%), V,, pulse wave velocity (km/s), UCS uniaxial compressive strength (MPa), 6. sr) crack
initiation stress through the LSR method (MPa), 6 ;ovs) crack initiation stress through the OVS method (MPa), o jrcsr) crack initiation stress
through the RCSR method (MPa), 0.i(mean) average crack initiation stress (MPa), o4 crack damage stress (MPa)

transition between Case I and Case II in Fig. 8), stability
analyses in conjunction with rock mass fracturing beyond
the acceptable excavation line and over breaking mini-
mization in gallery blasting operations could also be

performed. In this context, stability considerations given by
Gergek [49] could be highly appreciated. Last but not least,
hydraulic fracturing applications could be enhanced or
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Fig. 8 Simplified illustration of
systematical data recording for

the assessment of V-cut gallery

blasting optimization

Case I

Blast hole

A

V-cut blasting
pattern area
0

Lithofacies I

Torchable TH
connection clamp

Structural zone
(Border of the lithofacies zone)

Lithofacies IT

Case I1

Lithofacies III

IEI Lithofacies IV

20% 10% 15% % 7% 28%
Mineralogical 27% /G Q
composition
& 75% 40%
53% 20% 65%
S¢ =0.75-1.17 Sc¢ =min - max S¢ =min - max S¢ =min - max
Textural (0.98) (mean) (mean) (mean)
analyses ds50=0.05-0.09 mm d50= min - max d50= min - max d50= min - max
(0.08 mm) (mean) (mean) (mean)
UCS =90 - 122 MPa UCS = min - max UCS = min - max UCS = min - max
(105 MPa) (mean) (mean) (mean)
Physico-mechanical ne =0.85-2.04 % Ne = min - max ne = min - max Ne = min - max
properties (1.40 %) (mean) (mean) (mean)
Vp =3.80-4.60km/s V, =min-max Vp  =min - max Vp =min - max
(4.15 km/s) (mean) (mean) (mean)
RMR;; =54-70 RMRgy = min - max RMRgy = min - max RMRgy =min - max
Rock mass (63) (mean) (mean) (mean)
classification  Q*** =3.10-22.02 Q = min - max Q = min - max Q = min - max
9.32) (mean) (mean) (mean)

* Feldspar content is the sum of Plg. and K-Feld. minerals based on the modal analysis of thin sections.

Notes:

** For details about rock mass rating (RMRgg) system, Bieniawski [47] could be followed.

#¥%* For details about rock mass quality (Q) system, Barton [48] could be followed.

further investigated, considering rock mineralogy and
texture for various sandstone facies.

Conclusions

The present study investigates the factors affecting the
fracture evolution of the sandstones located in the ZHB.
For this purpose, detailed mineralogical and textural anal-
yses were performed on eight coal measure sandstones.
Physico-mechanical properties of the rocks were deter-
mined. The o.; and o.4 were determined for each rock type,
considering quantitative strain-based methods. The labo-
ratory studies indicate that mineralogical, textural, and
physico-mechanical features have substantial effects on the
0. and o.q. The other results obtained from the present
study could be drawn as follows:

The o.; and 6.4 are found to be at average rates of 0.37
and 0.71 of the UCS, respectively (Table 4). The o;
and o4 decrease with increasing the S., dsg, F, LF of
the rocks. On the other hand, increasing Qtz content
leads to increase those variables (Table 5). Remarkable
changes are determined in those variables when the n,
and V, exceed 3% and 3.00 km/s, respectively (Fig. 7).

@ Springer

When comparing the strain-based methods to quantify
the o, it was determined that the OVS method
provides o.; values approximately 4% lower than those
of the LSR and RCSR methods do. The methods of
LSR and RCSR methods provide more or less similar
results (Table 7).

With the purpose of utilizing the mineralogical and
textural features in underground mining applications in
the ZHB, several suggestions related to V-cut gallery
blasting operations were given. Considering the
achievements obtained from the present study, V-cut
gallery blasting operations could be optimized. Thus,
the amount of explosive consumption during V-cut
operations and overburden problems could be handled
elaborately. However, V-cut blasting applications/case
studies are required to examine whether rock texture
and mineralogy would be effective as much as the
laboratory test results obtained.

It should be mentioned that the laboratory studies were
performed under oven-dried conditions. Considering
the saturation degree of the rock materials, fracture
evolution of rocks should also be investigated by further
studies. By this way, the relationship between miner-
alogy and dehydration of rocks could be explored in
terms of fracture mechanics.
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Since underground coal mining applications in the ZHB
are gradually carried out at greater depths, the fracture
evolution of the rocks should be investigated by triaxial
compression tests.
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