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1-Introduction

Tunnel excavation using mechanical excavation methods like tunnel boring machines (TBMs) and road headers
have become increasingly common in recent years. Selection of machinery and equipment without physical,
mechanical, and petrographic rock properties may cause dramatic problems during working. Therefore, it is
essential to find rock properties before starting tunneling operations (Yarali and Soyer, 2011).

The term "drillability” is commonly used to describe the rock’s ability to be bored and will be of great
importance to performance predictions, cost evaluations, and the excavation method selection. Drillability
considers the influence that intact rock properties, breakability, and abrasivity, have during boring in hard rock.
There are several methodologies available to assess the influence of intact rock properties in hard rock
excavation. The main intact rock properties and commonly used test methodology listed in the following:
Strength: Uniaxial Compressive Strength (UCS), Brazilian Tensile Strength (BTS), Point Load Test (PLT).
Surface hardness: Sievers' J miniature drill test (SJ), Vickers hardness (VH). Brittleness: brittleness tests (S20),
several definitions including strain, UCS and tensile strengths, stress-strain relations.

Abrasivity: Cerchar test (CAl), LCPC test, Abrasion Value Steel test (AVS), abrasive minerals content, Vickers
hardness number of rock (VHNR). Rock petrography (rock texture, mineral composition (Macias et al., 2017).
Brittleness is one of the most important mechanical properties of rocks. Some researchers have investigated the
relation between brittleness and drilling rates. However, there are no available studies on the relation between
the brittleness and the DRI (Yarali, 2007; Altindag, 2010). This paper examines the equations between the
brittleness and the DRI.

2- Material and methods

This investigation transferred 30 blocks with 30 x 30 x 30 dimensions to the Bu Ali Sina University of
Hamadan's geotechnical laboratory without any weathering and jointing. Based on the ASTM D 4543 method,
the cylindrical cores with a diameter of 54 mm (Nx) with a length to the diameter of 2.5:1 were prepared.

The uniaxial compressive strength test performed according to the standard (ASTM D7012, 2004), the S20 and
SJ tests based on the NTNU / SINTEF standard (Dahl, 2003), and the Brazilian tensile strength test performed
on the standard (ASTM D3967, 2008).

Database of parameters such as uniaxial compressive strength, tensile strength, elastic and total strain values,
reversible and total energy, Young's modulus, Poisson's modulus, shear modulus, post-peak modulus, lame
coefficient, density, S20, and SJ was developed to calculate the brittleness and drillability indices. In this
database, 16 brittleness indices have been calculated. Then, the normality of the data statistically analyzed using
Kolmogorov-Smirnov, skewness, and tensile tests.

3- Results and discussion

The normality of the data examined using Kolmogorov-Smirov and skewness and kurtosis tests. In the
Kolmogorov-Smirnov test, the significance level and the Z test are more than 0.05. As a result, the null
assumption that the input parameters are normal will not be rejected. Since the parameters' values are in the
interval (-2, 2) in the skewness and kurtosis test, the parameters' statistical distribution is normal.
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The statistical analysis of these parameters performed using the normality of the parameters.
The results of these regressions are shown as the best relation (exponential, linear, and logarithmic), and the
coefficient of determination and root mean square error (Table 1).

Table 1. Results of calculation brittleness indices with drilling rate index.

RMSE R? Equation equation Number

type equation
11.86 0.01 exponential DRI =1.3931 exp - 0.017 (B1) a
17.64 0.03 exponential DRI =0.3777 exp -0.899 (B2) b
1.02 0.78 exponential DRI = 62.453 exp -5E-04 (B3) c
0.95 0.80 exponential DRI =81.728 exp -0.024 (B4) d
13.67 0.10 linear DRI =-20.14 (B6) + 59.572 e
16.52 0.12 exponential DRI =80.297 exp - 0.717 (B9) f
8.83 0.13 linear DRI = 21.451 (B10) + 37.896 g
10.95 0.18 logarithmic DRI =-14.4 Ln (B11) +38.545 h
10.98 0.34 logarithmic DRI =-23.15 Ln (B19) +31.307 i
66.31 0.33 linear DRI = - 365.77 (B24) + 396.2 j
10.05 0.50 logarithmic DRI =-24.47 Ln (B25) +79.184 k
55.58 0.39 logarithmic DRI=-10.23Ln (B26)+99.936 |
168.35 0.39 logarithmic DRI = -10.22Ln (B27) + 110.12 m
5.66 0.33 logarithmic DRI =-13.29 Ln (B28) + 84.533 n
13.78 0.60 exponential DRI = 75.004 exp - 0.024 (B29) 0

According to Table 1, the equations (c and d) show the highest coefficient of determination and the lowest root
mean square error between the rock's brittleness index and their drilling rate index. Therefore, in this study,
brittleness indices B3 and B4 can be considered the most acceptable indices compared to other indices for
evaluation of rock drilling rate index.

Different statistical indicators were used to investigate the ability and accuracy of the equations and their
performance.

Statistical indicators were calculated to predict the performance of the brittleness indices (Table 2). The values
of the statistical indicators represent the significance and efficiency of the presented statistical equations.

Table 2. Performance of statistical indicators for prediction brittleness indices

Tabulated Ffisher  VAF (%) RMSE adjusted R2 Number Brittleness index
F Values equation

4.49 36.48 0.85 1.02 0.76 c B3

4.49 42.44 0.89 0.95 0.79 d B4

In this study, DRI values, B3, and B4 brittleness indices comprise Yarali and Soyer's (2011) study (Fig, 1 and
2). According to Equations 5 and 6, the adjusted R square of DRI values, B3 and B4 are 0.78 and 0.79,
respectively. The accuracy of the equations presented in this study is close to those presented by Yarali and
Soyer (2011). The multiple regression model and some statistical indicators for the validation of the model have
been calculated (Table 3).

Equation (1) DRI = 61.753 exp (-0.0005) (B3) R2=0.7764
Equation (2) DRI= 68.511 exp (-0.002) (B4) R2=0.7915

4- Conclusion

In this study, the results of uniaxial compressive strength and tensile strength tests, the area under the stress-
strain curve, and rock modulus were calculated. Also, Sievers’ J miniature drill test and brittleness test have
been performed to calculate the rock drilling rate index. The normality of the data exanimated by using
Kolmogorov-Smirov and skewness and kurtosis tests.
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Fig. 1. Comparison DRI values with B3 in this study by Yarali and Soyer (2011).
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Fig. 2. Comparison DRI values with B4 in this study by Yarali and Soyer (2011).

Table 3. Multiple regression model and some statistical indicators for the validation of model.

Equation R R2 Adjusted R>  Standard error  F fishr sig RMSE
DRI =68.577 + 0.013 (B3) — 0.179 (B4) 0.87 0.76 0.72 5.80 20.45  0.000 1.071

The highest adjusted R square was exponential with 0.78 and 0.80 for B3 and B4 brittleness indexes,
respectively. Significance and validity of equations confirmed by adjusted R square, VAF, RMSE, and F Fisher
statistical indicators. The equations compared with those of previous researchers. The precision and accuracy of
equations are confirmed with equations former. These equations can be used to estimate the drillability of rocks.
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Joisson modulus v (GPa) shear modulus :p. Jame coefficient :A .°) inner friction angle @
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o Tunnel route
# Sample locations
Formation
Qal Recent aluvium
[1Qf  Old gravel fan
Qs Clay and salt flat
[Jau Oldteraces
[ Taw Youngaluvial and plain deposits
[ em Marle with intercalation of sandstone, shale and congelomerate
[[] ks Alternation of slaty shale and sandstone with limestone
[l «snt Alternation of shale and limestone
[ kv Trachyte, trachyeandesite, andesite and splitic volcanic rocks
[ K tpn Philitic sandstone, slaty shale, siltstone with calcschist
- K1  Alternation od schist, cristallized limestone, with volcanic rocks and sandstone
Il < Grey and white cristallized limestone
[ 1k Grey, microcristallized limestone
[ Ikt Sandstone with intercalations of limestone and schist
B <. Polygenice congelomerate
B ko Dolomite, calcareous dolomite

36°46'30"N
36°4620"N

[ Jewt cristallized dolomite, dolomitic limestone, calcareous dolomite with some schist
B= s schist
- shm  Schist
=33 pro2 Alternation of cristallized limestone, dolomite and schist F

. . . ! [
Il Fc s Mecaceous schist with some volcanic rocks B ({74,
[ c21  Arkosic red sandstone 45°230°E 45°60°E 45"1330°E 191 45°2430°E
[ cot2 Alternation of slaty shale, dolomite and limestone 0 3 7 14 21 28

3 ; SR - KM

B o Alternation of limestone, dolomite with some slaty shale

) ) ) Bl nm  Metagranite, gneiss
B cm Alternation of cherty limestone and dolomite I v Uttrabasic rocks (peridotite-harzburgite)
Bcm Alternation of shale and limestone B e Amphibolite with some schist

I ¢ Ultrabasic rocks, serpentinite, metadiabase, basalt, schist and limestone B o Granite, granodiorite, diorite and dioritic gabbro
pri Grey, medium beded limestone I ¢ Diabas, spilitic basalt

(g

Fig. 2. Geological map and location of the study area (adapted from 1:100000 map of Naghadeh city,
Geological Survey of Iran).
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Fig. 3. Picture of cylindrical samples.
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Fig. 4. Picture of (a) Sievers’ J-miniature test, (b) brittleness test, (¢) uniaxial compression strength test

and (d) preserver.
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Fig. 5. Stress-strain curve of some rock samples.
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Table 3. Average results of compression strength and tensile strength tests.

Rock code Rock type  oc (Mpa) ot (Mpa)
1 Granite 115.8 16.5
2 Hornless 152.4 175
3 Granodiorite 117.2 17.7
4 Granodiorite 127.1 18.2
5 Marble 45.7 5.3
6 Granite 118.9 16.5
7 Granite 40.6 8.3
8 Dolomite 68.1 8.2
9 Granite 128.6 12.2
10 Granodiorite 149.5 18.5
11 Granodiorite 71.8 9.5
12 Granite 59.5 10.8
13 Granite 97.2 12.4
14 Granite 107.1 12.7
15 Granite 115.8 14.3
16 Granite 125.5 14.4

LogyT o dids g 5 li> #5 pasls polie ¥ Jgo
Table 4. Drilling rate index values and its classifications.

Rock code Rock type SJ (mm/10) S20 (%) DRI class
1 Granite 3.2 39 36 Low
2 Hornless 6.4 37 34 Low
3 Granodiorite 14.2 42 42 Low
4 Granodiorite 12.8 41 42 Low
5 Marble 55.7 62 63 High
6 Granite 5.3 41 39 Low
7 Granite 175 53 54 Medium
8 Dolomite 50.8 59 69 High
9 Granite 5.2 42 40 Low
10 Granodiorite 4.6 34 30 Very low
11 Granodiorite 14.2 52 52 Medium
12 Granite 13.2 51 51 Medium
13 Granite 5.3 42 39 Low
14 Granite 5.9 44 42 Low
15 Granite 5.7 43 40 Low
16 Granite 45 40 37 Low
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Table 5. The results of compression strength and physical properties tests of samples.

Rock  Rock type Y A G &t &r Et Wt Wr v

code (g/cmd) (GPa) (GPay  (/m3)  (j/md)
1 Granite 2.64 9.87 19.15 0.0064 0.0056 44.80 346.10 306.20 0.17
2 Hornfels 2.77 13.11 27.86 0.0050 0.0038 64.60 509.10 43260 0.16
3 Granodiorite 2.82 9.93 16.20 0.0084 0.0042 38,50 237.80 21330 0.19
4 Granodiorite 2.69 1299 2523 0.0064 0.0061 59.10 38450 31450 0.17
5 Marble 2.71 5.29 415 0.0111 0.0046 10.60 11350 93.20 0.28
6 Granite 2.66 9.98 2121 0.0057 0.0056 49.20 382.30 351.60 0.16
7 Granite 2.66 10.07 9.29 0.0062 0.0056 23.40 124.60 97.50 0.26
8 Dolomite 2.72 9.92 9.92 0.0079 0.0030 24.80 127.60 99.60 0.25
9 Granite 2.70 732 13.01 0.0130 0.0071 30.70 392.20 31750 0.18
10 Granodiorite 2.74 945 16.80 0.0053 0.0047 39.60 362.80 32150 0.18
11 Granodiorite 2.67 1424 3322 0.0058 0.0050 76.40 176.10 160.10 0.15
12 Granite 2.84 9.98 19.38 0.0049 0.0043 4530 130.80 113.70 0.17
13 Granite 2.68 6.61 11,57 0.0049 0.0030 27.30 22830 15530 0.18
14 Granite 2.68 851 17.44 0.0091 0.0039 40.60 285.60 228,60 0.16
15 Granite 2.69 9.29 20.62 0.0096 0.0046 47.60 340.60 284.60 0.15
16 Granite 2.77 8.83 1943 0.0076 0.0053 4490 339.60 258.70 0.16
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Table 6. Results of Smirnov- Kolmogorov (Z), skewness and kurtosis tests.
Parameter  Rock number  Smirnov — Kolmogorov (Z) Kurtosis  Skewness  Significant

oc (Mpa) 16 0.084 -0.615 -0.153 0.200

ot (Mpa) 16 0.136 - 0.805 0.464 0.161

DRI 16 0.264 0.723 1.147 0.064

B1 16 0.081 -0.156  -0.046 0.200

B2 16 0.139 1.186 -1.101 0.142

B3 16 0.104 - 0.600 0.264 0.200

B4 16 0.133 -0.669  -0.330 0.188

B6 16 0.149 0.065 0.335 0.087

B7 16 0.212 -1.58 -0.29 0.200

B9 16 0.102 0.404 -0.708 0.200

B10 16 0.129 0.555 0.887 0.200

B11 16 0.129 0.555 -0.887 0.200

B19 16 0.142 -0.540 0.355 0.200

B24 16 0.254 2.04 -2.34 0.003

B25 16 0.203 1.598 -1.514 0.060

B26 16 0.118 0.581 -0.380 0.200

B27 16 0.130 0.650 -0.441 0.200

B28 16 0.109 1.133 - 0.497 0.200

B29 16 0.111 0.661 -0.076 0.200

L;..\....S..,; szl polio -V Jgoo
Table 7. Brittleness indices values.

Sgg'g Rocktype Bl B2 B3 B4 B6 B7 B9 B10 Bll B19 B24 B25 B26 B28 B27 B29
1 Granite 70 07 9525 22990 064 089 090 088 021 078 0973 097 49 10031 3798 30.1
2 Hornless 88 0.8 13156 29009 087 073 073 083 022 077 0971 097 53 10078 3640 275
3 Granodiorite 6.6 0.7 10369 24440 094 041 041 090 028 072 0962 09 37 5384 1909 186
4  Granodiorite 7.0 0.7 1157.8 26458 (064 092 092 082 015 084 0974 097 43 9129 3232 283
5 Marble 86 08 1209 5202 074 064 064 083 069 031 0908 091 1.9 1045 386 56
6 Granite 72 07 9828 23514 075 088 087 092 018 082 0972 097 51 9581 3595 281
7 Granite 48 06 1685 6606 060 078 077 078 064 035 0936 093 21 1709 643 89
8 Dolomite 82 07 2811 9549 063 050 050 078 040 060 0960 096 2.9 4025 1478 166
9 Granite 105 08 7863 20025 079 076 076 080 055 045 0954 095 45 5166 1905 16.2
10  Granodiorite 8.1 0.7 13684 29842 (058 091 090 091 044 056 0965 096 40 6137 2236 208
11  Granodiorite 9.7 08 2632 9107 058 085 085 090 0.11 089 0979 098 53 13600 509.3 383
12 Granite 55 0.7 3201 10486 050 086 0.86 087 0.06 093 0967 096 45 7574 266.7 227
13 Granite 77 07 6078 16637 064 051 051 068 031 068 0964 096 4.8 7320 273.0 218
14 Granite 83 07 6859 18150 095 060 060 076 0.17 083 0969 097 51 8849 3294 255
15 Granite 82 07 8125 20504 106 049 048 083 017 082 0968 097 50 8455 3139 246
16 Granite 87 08 9053 22163 102 043 043 078 031 068 0962 096 47 6783 2462 202
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Fig. 6. Relationship between brittleness indices and drilling rate index (DRI) of rocks (a) B1, (b) B2,
(c) B3, (d) B4, (e) B6, (f) B7, (g) B9, (h) B10, (i) B11, (j) B19, (k) B24, (I) B25, (m) B26, (n) B27,
(o) B28, and (p) B29.
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Fig. 6. Continued.
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Table 8. Results of calculation brittleness indices with drilling rate index.

Number equation equatio

n

T 0O 533 —X——=—0Q -~D®D QOO T WD

DRI = 1.3931 exp - 0.017 (B1)
DRI = 0.3777 exp -0.899 (B2)
DRI = 62.453 exp -5E-04 (B3)
DRI = 69.434 exp -0.003 (B4)
DRI = -20.14 (B6) + 59.572
DRI = -10.138 (B7) + 51.579
DRI = 80.297 exp - 0.717 (B9)
DRI = 21.451 (B10) + 37.896
DRI = -14.4 Ln (B11) +38.545
DRI = -23.15 Ln (B19) +31.307
DRI = - 365.77 (B24) + 396.2
DRI = -24.47 Ln (B25) +79.184
DRI= -10.23Ln (B26)+99.936
DRI = - 10.22Ln (B27) + 110.12
DRI = -13.29 Ln (B28) + 84.533
DRI = 75.004 exp - 0.024 (B29)

Equationtype (R?) RMSE
Exponential 0.01 11.86
Exponential 0.03 17.64
Exponential 0.78 1.02
Exponential 0.79 0.95

Linear 0.10 13.67
Linear 0.03 1211
Exponential 0.12 16.52
Linear 0.13 8.83
Logarithmic 0.18  10.95
Logarithmic 0.34 10.98
Linear 0.33  66.31
Logarithmic ~ 0.50  10.05
Logarithmic ~ 0.39  55.58
Logarithmic ~ 0.39  168.35
Logarithmic ~ 0.33 5.66
Exponential 0.60 13.78
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DRI = 61.753 exp (-0.0005)(B3) ©) aka,
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Table 9. Performance of statistical indicators for prediction brittleness indices.

Brittleness ~ Number adjusted RMSE VAF (%) F fisher ~ Tabulated
index equation R2 F Values
B3 C 0.76 1.02 0.85 36.48 4.49
B4 D 0.79 0.95 0.89 42.44 4.49
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Table 10. Multiple regression model and some statistical indicators for the validation of model.

Equation R R?

Adjusted R?  Standard error  F fishr sig RMSE

DRI =68577 + 0.013 (B3) - 0.179 (B4) _ 0.87 _ 0.76

0.72 5.80 20.45  0.000 1.071
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