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Abstract. Brazilian tensile strength (BTS) is a critical mechanical parameter of rock; and the measurement of BTS performed
on core samples is a cumbersome procedure. Thus, rock index properties including point load, P-wave velocity and Schmidt
hammer tests have been widely used to estimate BTS. The correlations between BTS and index properties are rock-type, grain
size and anisotropy dependent, but, how the correlations related to the variation of grain size or anisotropy remain unexplained.
In this study, the impact of grain size or anisotropy on those correlations is respectively examined using sandstone (fine or
coarse grain size) and gneiss (0°, 45°, 90° inclined anisotropy) samples. Several significant equations for predicting BTS through
index properties were established for different types of samples. The finding implies that either grain size variation or
multidirectional anisotropy reduces not only the correlated degree between BTS and index properties, but also the BTS
estimation reliability of those empirical equations. All three index properties should be used with much care for coarse-grained
rock and respectively performed on samples with unidirectional anisotropy. Using an empirical equation between BTS and
index properties ignoring grain size or anisotropy can yield considerable discrepancies of estimated BTS. Among three index
properties, point load test is the first choice for predicting BTS as the small discrepancies of estimated results. As the invalid
correlation, P-wave velocity test should not be performed at 45° angle to the anisotropy in the BTS estimation; and this

131

recommendation is also appropriate for Schmidt hammer test conducted parallel to anisotropy.
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1. Introduction

Rock exhibits inferior resistance to tensile stress and
tensile cracks are more easily initiated, propagated and
observed (Liu et al. 2014, Komurlu et al. 2016, Yao et al.
2018, Wei et al. 2020, Xue et al. 2021). Tensile strength,
thus, is one of the extremely significant factors to
characterize the failure property of rock or rock mass
(Perras and Diederichs 2014, Shang et al. 2016, Wang and
Hu 2017). Also, tensile stress zones are widespread
throughout rock mass involved in underground-related
activities such as tunnelling, mining, disposal of radioactive
waste and underground oil storage (Cai and Kaiser 2005,
Wang et al. 2007, Shen and Barton 2018). As such, tensile
strength of rock is of particular interest to the perspective of
rock mechanics.

The tensile strength can be measured using the direct
tensile test, Brazilian test or three-point-bend test in the
laboratory. Performing a direct tensile test requires high-
quality rock specimen and may generate a significant error
due to stress concentration derived from gripping of the
rock specimens and misalignment (Xia et al. 2017). In
1978, the International Society for Rock Mechanics (ISRM
1978) officially proposed the Brazilian test to determine the
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tensile strength of rock materials. This method was later
recommended by many countries (e.g. American Society for
Testing Material (ASTM 2008) or China National Standard
(2013)) for the standard measurement of tensile strength.
Both the experimental procedure or environmental factors
exert considerable effects on the rock tensile strength. For
example, the results of Brazilian test depend not only on the
contact condition between the specimen and steel loading
jaws, but also on whether the crack initiates at the center of
specimen (Erarslan and Williams 2012). Moreover, rock
tensile strength can be significantly lowered by saturation,
freeze-thaw cycles and heat treatment (Roy and Singh 2016,
Sirdesai et al. 2016, Roy et al. 2017, Zhao et al. 2017, Liu
et al. 2018, Kumari et al. 2019).

At present, Brazilian tensile strength (BTS) has been
widely referenced in rock engineering projects. The direct
measurement of Brazilian tensile strength (BTS) relies on
certified experiment apparatus and high-quality core
samples (Tutmez 2018). One challenge is that standard core
sample preparation can be expensive and time-consuming,
especially for the extremely soft, hard, highly fractured,
laminated and coarse granular sedimentary rocks (Komurlu
et al. 2017, Kong and Shang 2018, Aliyu et al. 2019, Kong
et al.2021). As such, the index tests (referred to point load,
P-wave velocity and Schmidt hammer test, etc.) have been
widely used to estimate the BTS (Kahraman et al. 2018).
This is because the simple testing apparatus and optional
rock specimens, such as core, block or irregular lump
specimens for point load test. More recently, to timely
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determine the proper tunnelling parameters of TBM (Tunnel
Boring Machine), point load index through irregular rock
lumps from TBM cutter has been recognized as the first-
order choice for estimating rock strength.

Predicting BTS through index tests has received
significant attention since 1990s. One of the pioneering
studies on this topic was reported by Butenuth (1997),
where four charts were developed for comparing the tensile
strength with the point load index. The establishment of
those charts was based on the published data of sandstones,
marble and granite. Mishra and Basu (2012) also compared
the BTS estimation performance of the point load test with
block punch test. They found these two tests revealed
similar importance for calculating BTS through linear
equations. Moreover, several academics attempted to extend
the study of using point load index (/ys0)) to predict BTS for
special rocks such as gypsum (referred to particular
deformation behaviour) and meta-siltstone/sandstone (with
extremely high strength) (Heidari et al. 2012, Li and Wong
2013). All of them reported linear equations for correlating
BTS to Iys0); and those equations possessed acceptable
reliability for the preliminary design of rock engineering
projects.

For the ultrasonic pulse velocity test (P-wave velocity,
Vp), Khandelwal and Singh (2009) were the pioneers who
used this method to estimate BTS for coal measure rocks.
They reported a linear relationship between BTS and Vp;
and this relationship could be used to calculate BTS of coal
measure rocks for the design of mining projects. After
intensive laboratory experiments and regression analyses,
Karakul and Ulusay (2013) proposed several power
equations for inferring BTS from Vp. They found that the
empirical correlations could yield under or over-prediction
of BTS of rocks with different degrees of saturation. Thus,
the polynomial equations with high prediction performance
were developed using multivariate statistical analysis,
whereby recognizing the parameters including Vp, effective
clay content and degree of saturation. Apart from the
frequently-used regression analysis, Singh et al (2017)
brought attention to extending Artificial Neural Network
(ANN) for use to estimate BTS by Vp, which indicated that
the effectiveness of ANN over simple regression analysis.

In addition, the Schmidt hammer test has also been
used for estimating BTS of rock materials because of the
quick, portable and non-destructive testing equipment. The
relations between BTS and Schmidt hammer rebound
number (R) have been presented through various methods
such as simple regression analysis, multivariate statistical
analysis or ANN model (Kili¢ and Teymen 2008, Gurocak
et al. 2012, Karaman et al. 2015).

Brazilian test and index properties have grain size or
anisotropy (referred to bedding, schistosity, gneissosity,
microfissure) dependent nature (Jamshidi ez al. 2018, Shang
2020). For example, Khanlari et al. (2014b) point out that
the maximum BTS can be obtained when the Brazilian test
is performed normal to the anisotropy, but, the minimum
BTS is obtained at different anisotropy inclinations in
different rock samples. The point load test results may also
vary significantly following the various anisotropy
orientations and the most reliable strength index can be seen

from the sample with horizontal anisotropy (Broch 1983).
Moreover, Schmidt hammer readings are more discrete for
rock containing coarse grains with sizes comparable to the
diameter of hammer plunger tip (Aydin 2009).

However, the isotropic and homogeneous rocks are
theoretical assumptions seldom found in nature. Using
empirical equation between BTS and index properties for
rock with different grain-size or anisotropic characteristics
can generate considerable errors, e.g., overestimating BTS
with a discrepancy of 295.7% (data from Karaman et al.
2015). Up to now, the impact of grain size or anisotropy on
the results of Brazilian, point load, P-wave velocity and
Schmidt hammer test has been widely discussed by
researchers. Also, many different equations have been
proposed to calculate BTS by index properties for different
rocks (Table 1). However, how these correlations respond to
the grain size or anisotropy orientation has not yet been
explained and published.

To offer instructions for using index properties to
estimate BTS of anisotropic or heterogeneous rock, the
influence of grain size or anisotropy on the correlations
between BTS and index properties was respectively
investigated in this study. As such, the impact of grain size
or anisotropy on the empirical correlations can be
minimized and the accuracy of estimated BTS can be
consequently upgraded.

Fine or coarse-grained sandstones (definitely same rock-
type) and gneisses (with visible anisotropy) were sampled
from different locations of China, followed by presenting
standard Brazilian test as well as point load, P-wave
velocity and Schmidt hammer test in the laboratory.
Regression analysis was subsequently used to develop the
equations for estimating BTS by index tests. After that, the
impact of grain size or anisotropy on those proposed
equations was respectively explored by interpreting the
regression analysis parameters and BTS estimation
capabilities of equations. A comparison study was finally
performed by comparing the correlations of this study with
previous results.

2. Materials and methods
2.1 Sample selection and specimen preparation

Sandstone and gneiss blocks were sampled in two
regions in China (Fig. 1). They are Zibo sandstone and
Jining gneiss. The homogeneous sandstones were sampled
in identical Carboniferous stratigraphic section to enable the
same rock-type, where the lithological effect could be
eliminated. To clearly display the impact of grain size,
sandstone blocks contained two groups: fine-grained size (<
0.1 mm) and coarse-grained size (> 0.25 mm) (site A in Fig.
1). Differences in grain size can be noted in the thin section
photomicrographs of the sandstones (Figs. 2(a)-(d)). The
gneisses were formed in the geological age of Neo-archean
(site B in Fig. 1) and characterized by a clear gneissic
structure referring to a representative anisotropy (Figs. 2(e)-

).
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Table 1 Previous equations between BTS (MPa) and index tests
. No. of samples
Formulations Rock types (specimens) tested References
_ > Southern Anatolia limestone, tuff, sandstone, diorite, .
BTS=7.5Ln(Isq)) + 2.22 (R*=0.93) quartzite (Turkey) 19 specimens Kilig and Teymen (2008)
BTS=1.5691, 5 + 1.514 (R=0.54) ~ Oranite andesite, bas?;ﬁg‘yi)smne’ gypsum, marble 121 specimens Yilmaz (2010)
BTS=4.781, + 1.81 (R=0.81) Granite, basalt, hme(ST‘flflfé;;“S“’ne’ marble, etc. 686 samples Gurocak et al. (2012)
BTS=1.358415, + 2.0607 (R*=0.93) Gachsaran Formation gypsum (Turkey) 15 specimens Heidari et al. 2012
BTS=0.8115) + 7.96 (R=0.59) Granite (India)
BTS=1.96/s, + 4.84 (R*=0.69) Schist (India) 20 specimens Mishra and Basu (2012)
BTS=1.1150) + 1.25 (R=0.82) Sandstone (India)
BTS=0.94], Jurong Formation meta-siltstone (Singapore)
0 12 samples Li and Wong (2013)
BTS=0.66/s, (118 specimens)

Jurong Formation meta-sandstone (Singapore)

BTS=2.20/50)"" Hornfels, phyllite, slate, schist (Iran)

Basalt, dacite, limestone, metabasalt, volcanic

= — 2—
BTS=3.34l,59, — 3.4 (R*=0.90) broccis (Turker)

BTS=2.28150, — 4.66 (R=0.95) Hornfelsic rocks (Iran)

BTS=0.82611s0) — 0.9243 (R*=0.72)  Sandstone, limestone, travertine, conglomerate (Iran)

BTS=0.741s0, (R*=0.91) Yanshan orogeny biotitic monzogranite (China)

Southern Anatolia limestone, tuff, sandstone, diorite,
quartzite, marble, granodiorite (Turkey)

Sandstone, shale, coal (India)

BTS=0.4937," ¥ (km/s) (R*=0.92)
BTS=0.0145V}, — 24.55 (m/s) (R*=0.95)
BTS=1.050%,"* (knvs) (R%=0.75)
BTS=0.5837,"*" (knvs) (R%=0.71)

Dry andesite, tuff, sandstone, marl (Turkey)

Saturated andesite, tuff, sandstone, marl (Turkey)

Granite, sandstone, limestone, dolomite, marble
(India)
Schist, basalt, limestone, gneiss, quartzite, dolomite,
shale and sandstone (India)
Southern Anatolia limestone, tuff, sandstone, diorite,
quartzite, marble, granodiorite (Turkey)

Igneous, sedimentary, metamorphic rocks (Turkey)

Basalt, dacite, limestone, metabasalt, volcanic
breccia (Turkey)

BTS=0.001V; + 0.662 (m/s) (R2=0.88)

BTS=0.0054V, — 8.3622 (m/s)
(R*=0.84)

BTS=0.0087R""">" (R2=0.94)
BTS=9.07R — 375.55 (R*=0.59)

BTS=0.72R — 16.6 (R*=0.85)

BTS=3.5x10°R*® (R?=0.92) Hornfelsic rocks (Iran)

BTS=0.2808R — 2.0232 (R*=0.67)  Sandstone, limestone, travertine, conglomerate (Iran)

35 samples

47 specimens

8 samples
(320 specimens)

12 samples

15 samples
(84 specimens)

19 specimens

12 samples

14 samples

13 samples

19 specimens
686 samples

47 specimens

8 samples
(320 specimens)

12 samples

Khanlari et al. (2014a)
Karaman et al. (2015)

Fereidooni (2016)

Fereidooni and Khajevand
(2018)

Xue et al. (2020)
Kili¢ and Teymen (2008)

Khandelwal and Singh (2009)

Karakul and Ulusay (2013)

Khandelwal (2013)
Singh et al. (2017)
Kilig and Teymen (2008)
Gurocak et al. (2012)
Karaman et al. (2015)

Fereidooni (2016)

Fereidooni and Khajevand
(2018)

Note: Iys0) (MPa) is the point load index; Vp is the P-wave velocity; R is the Schmidt hammer rebound number; R? is the

correlation coefficient
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Fig. 1 The locations of rocks used in this study. Data from the China Geological Survey (2019)
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Fig. 2 The characterization of rock samples used in this study. (a) fine-grained sandstone samples; (b) section
photomicrographs of fine-grained sandstone under cross-polarized light; (c) coarse-grained sandstone samples; (d) section
photomicrographs of coarse -grained sandstone under cross-polarized light; (e) gneiss samples; (f) section

photomicrographs of gneiss under cross-polarized light

In the preparation of the cylindrical specimens, the
drilling sampler with a diameter of 50 mm was used. Ends
of the cylindrical specimens were ground flat using emery.
To consider the impact of anisotropy inclination- (i.e., the
angle between anisotropy planes and horizontal direction in
degree) on empirical equations for estimating BTS, gneiss
cores were drilled normal, at 45° angle or parallel to the
anisotropy (i.e., B = 0°, 45° or 90°). Some representative
rock samples are shown in Fig. 2(a), (c) and (e).

2.2 Experimental scheme

All the laboratory experiments were conducted in the
laboratory of Shandong University, China. Sandstone and
gneiss blocks were first to present Schmidt hammer test.
Cores were then drilled from blocks, which were used to
perform the P-wave velocity test. To ensure a high degree of
correlation, specimens of Brazilian test and point load test
were cut from the same core. Figure 3 shows the
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Table 2 Results of laboratory experiments on sandstone and corresponding STD and COV

Brazilian strength
BTS Iys0)

Point load index

P-wave velocity Schmidt hardness
Vp R

No.  Sample type

Mag“?h‘;[‘}fa)i STD - cov () Magni(tlt‘d‘;f’a)i STD - cov (%) Magnig‘;f STD OV (%) Magnitude=STD COV (%)
A 3.94+0381 20.56 545+ 0.73 13.39 3137+ 358.69 1143 3704238 6.43
B 5.6140.10 178 6.08 007 115 3442 +31.18 091 41.4+0.66 1.61
c 6.99 + 1.67 23.89 6.23+0.12 1.93 3228+ 137.08 425 37.0+1.29 3.49
p  FimeERn 6oy ysy 25.40 6.80+0.26 3.82 2953 +25.74 0.87 3754223 5.95
E 11.07 + 1.64 14.81 1031 +0.13 1.26 3761 + 151.37 4.02 57.0+2.13 3.74
F 7414219 29.55 7.56+0.50 6.79 3819 + 331 45 8.68 4954127 2.57
G 406+ 080 19.70 6.02+0.62 10.30 2844+ 2118 0.74 3954185 4.68
H 493+ 104 21.10 708+ 1.19 16.81 3531 = 1.00 0.03 38.0£338 8.89
I 3.09£1.09 35.28 4.96+0.06 1.21 3526 + 10,50 0.30 3904278 7.13
J 3634092 25.34 7934016 2.02 3881 + 148.26 3.82 3704238 643
K C"ar:ii egrain 3.26+0.64 19.63 6.08+1.73 28.45 4108 + 318.55 7.75 42.0£3.26 7.76
L 2494042 16.87 1.97+0.03 1.52 2375 111.40 4.69 35.6+328 921
M 3434088 25.66 413£0.77 18.64 3200 = 106.17 332 23.0£0.53 230
N 37540.78 20.80 2.51+0.66 26.29 3511 +44.43 1.27 37.0+1.94 524

Note: STD Standard Deviation, COV coefficient of variation

experimental set-up and representative failure modes of
samples. The experiment results of tested samples are listed
in Table 2-3.

The Brazilian test was presented following the method
of China National Standard (2013). The core samples have
a diameter of 50 mm and height to diameter ratio of 1.0. To
produce uniform tensile stress distribution, core samples
were clamped by two steel loading jaws which contact
cylinder samples at diametrically-opposed surfaces (Fig.
3(a)). Samples were then compressed with a capacity of
2000 kN until failure. Rock specimens fail in typical tensile
splitting failure mode (Fig. 3(b)). The final BTS (MPa) was
obtained by averaging at least three specimens. This study
used ten specimens due to their strong anisotropic
properties.

The point load test was performed following the China
National Standard (2013). The test was conducted on
samples with a diameter (D) of 50 mm and height-to-
diameter ratio of 0.5-1.0 (Fig. 3(c)). A steady load was
applied on the specimens until failure, and several brittle
fractures were always observed around the concentrated
loading points (Fig. 3(d)). The test was repeated at least five
times (ten times in study) to calculate the /o) (MPa).

Ultrasonic pulse velocity test following the China
National Standard (2013) as well. P-wave velocity (V) was
measured using a Portable Ultrasonic Non-destructive
Digital Indicating Tester (pulse 54 kHz) (Fig. 3(e)). Grease
was used to achieve an acceptable acoustic coupling
between the transducers and samples. The transit time was
measured to calculate the ¥, (m/s).

Due to the high strength and hardness of the rock
samples, the Schmidt hammer test was conducted on rock
blocks using N-type hammer following the ISRM (2015)
recommendation. The hammer possesses impact energies of
2.207 N m. Rock blocks were cut by saw and later

s g
~ Rock block
50mm SRG T RINOTY

Fig. 3 Experimental setup and sample failure modes of
different test types. (a)-(b) Brazilian test; (¢)-(d) point
load test.; (e) P-wave velocity test; (f) Schmidt hammer
test

smoothed using fine sandpaper. The hammer impact
direction remains perpendicular to the flat rock surfaces and
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Table 3 Results of laboratory experiments on gneiss and corresponding STD and COV
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Brazilian strength Point load index P-wave velocity Schmidt hardness
No.  Sample type BIS o) Ve R
Magn&‘ifa)i STD - cov (o) Magm(tl\‘;‘fa)i STD - cov (%) Magmgji)i STD OV (%) Magnitude=STD COV (%)
A 3.98 +1.66 41.71 2.42+0.32 13.22 2851 +139.16 4.88 57.0+0.99 1.74
B 4.75+0.75 15.79 8.68 £0.47 541 3716 +81.08 2.18 58.5+0.75 1.28
C B—0° 547+141 25.78 6.35+0.86 13.56 4700 + 8.97 0.19 55.0+1.78 3.24
D 5.02+1.76 35.06 5.76 £0.57 9.90 4849 +75.66 1.56 49.5+1.53 3.09
E 2.56+0.37 14.45 0.76 £0.16 21.05 2544 +£0.50 0.02 33.0+1.43 433
F 4.94+0.94 19.03 3.86 £0.39 10.10 3286 +118.75 3.61 49.0 +0.38 0.78
G 3.74 +0.65 17.38 459+1.24 27.02 3265 +67.33 2.06 61.5+0.75 1.22
H 2.23+0.62 27.80 2.36+1.06 44.92 2517 £73.28 291 36.5+0.95 2.60
B a5° 2.45+0.31 12.65 4.04+0.76 18.81 3479 £102.39 2.94 549 +1.89 3.44
J 3.46+0.25 7.23 496 +1.02 20.56 3713 £ 109.54 2.95 57.5+1.79 3.11
K 1.91+0.03 1.57 227+0.16 7.05 2261 +3.50 0.15 49.5+0.75 1.52
L 3.09+0.28 9.06 3.02+0.41 13.58 2104 £ 67.38 3.20 55.0+0.86 1.56
M 4.03+0.43 10.67 5.21+0.37 7.10 3597 £61.90 1.72 60.3+0.47 0.78
N 1.41+0.28 19.86 2.82+0.46 16.31 2428 +77.85 3.21 55.0+0.95 1.73
(0] 3.43+0.19 5.54 4.57+0.65 14.22 3621 +132.50 3.66 62.0+0.93 1.50
P B=90° 1.72+0.11 6.40 2.23+0.18 8.07 2378 +78.85 3.32 58.5+0.85 1.45
Q 435+0.41 9.43 5.74+0.83 14.46 3458 +84.53 2.44 53.5+1.55 2.90
R 2.34+0.12 5.13 3.71+0.43 11.59 3158 +£86.51 2.74 61.0+0.81 1.33
S 2.69+0.35 13.01 2.96 +0.65 21.96 3257 £2.00 0.06 45.6 +1.69 3.71
Note: STD Standard Deviation, COV coefficient of variation
Table 4 Results of regression analyses and corresponding parameters
Test types Samples Equations No. R? P-value AIC PI
Fine grain size BTS=1.407Is0) — 3.223 (1) 0.89 1.50x1073 -1.96 88.82
Coarse grain size BTS=0.186s0) + 2.594 2) 0.31 1.95x10°!* - -
All sandstone samples ~ BTS=0.810/ys0) + 1.934 3) 0.56 2.05%x10° 25.08 -6.77
Point load p=0° BTS=2.967Ls0) " ) 0.87 1.14x10* -7.76 78.80
B =45° BTS=1.2481s** ) 0.68 4.64x10™ -9.41 66.32
(50)
B=90° BTS=0.804/s0 — 0.277 6) 0.89 1.57x1073 -12.58 89.05
All gneiss samples BTS=0.476Is0) + 1.436 (7) 0.53 4.24x10* -5.94 52.51
Fine grain size BTS=0.0047V,, — 9.089 ®) 0.54 1.55%x1073 9.21 43.30
Coarse grain size BTS=0.0157V,%66 Q) 0.32 2.77x10* -4.67 19.58
All sandstone samples ~ BTS=0.0035 /%58 (10) 0.10 9.16x10° 23.71 2.69
P-wave B=0° BTS=3.417In(V,) — 23.487 an 0.73 2.09x10 -6.39 73.20
velocity P
B =45° BTS=1.556¢-0002"? (12) 0.25 ¥ - -
B=90° BTS=0.244¢00008% (13) 0.88 1.21x10* -5.88 70.36
All gneiss samples BTS=0.0012V;, — 0.611 (14) 0.59 1.22x10™ -8.32 57.17
Fine grain size BTS=0.264R — 4.805 (15) 0.70 1.82x1072 4.80 69.82
Coarse grain size BTS=0.341R "% (16) 0.38 2.32x10* -5.23 25.80
All sandstone samples  BTS=0.242R — 4.509 17) 0.62 8.59x10* 10.94 60.97
ﬁ:}rﬂg B=0° BTS=0.066R "* (18) 0.67 6.01x10* -2.89 51.40
p=45° BTS=0.868¢%0219% (19) 0.52 5.76x10™ -8.32 59.46
B=90° BTS=0.0127R + 2.136 (20) 0.004 8.90x10!* - -
All gneiss samples BTS=1.485In(R) — 2.54 21 0.06 1.67x107 7.48 3.19

Note: *P-value exceeds the upper limit and the equation is not significant. AIC and PI were not calculated for nonsignificant

equations
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Fig. 4 Significant equations between BTS and index tests. (a) BTS-/ys0) of sandstone; (b) BTS-/ys0) of gneiss; (¢) BTS-Vp
of sandstone; (d) BTS-V» of gneiss; (¢) BTS-R of sandstone; (f) BTS-R of gneiss

a rebound value-R can be read directly on the device (Fig.
3(f)). Each impact position should be separated by at least a
plunger diameter of the hammer. This procedure was
repeated at least 20 times on each specimen to obtain the
final R. The test may be stooped when 10 subsequent
readings fluctuate in the repeatability range of £2.

3. Regression analysis

Regression analysis was used to develop the correlations
between BTS and each rock index property (i.e. Isso0), Vp
and R). In the analysis, four function types including linear,
power, exponential and logarithmic were examined for each
type of sample, and the equation with the highest
correlation coefficient-R? was considered as the best fitting
equation. Moreover, the F-value and P-value (probability >
F-value) were used to verify the significance of the
proposed equation within the 95% confidence interval.
Once the P-value is smaller than 0.05, the equation is
significant and valid (OriginLab 2019).

Table 4 shows empirical equations for estimating BTS
of sandstone and gneiss samples. It can be seen that several
significant correlations were established, such as BTS-/s0)
of fine-grained sandstone, BTS-V, of gneiss with p=90°,
BTS-R of fine-grained sandstone, etc. But, correlations
between BTS and index properties depend on grain size or
anisotropy; and no acceptable statistical correlations can be
derived from /ys50) of coarse-grained sandstone, ¥}, of gneiss
with B=45° and R of gneiss with f=90°. Figs. 4(a)-(f) shows
the most significant equation of BTS-/ys0, BTS-V, and
BTS-R for sandstone or gneiss, respectively.

4. Results verification, comparison and discussion

4.1 Impact of grain size or anisotropy on
experiment results

To assess the impact of grain size or anisotropy on the
laboratory experiment results, the coefficient of variation
(COV) was calculated for each test data. The COV is
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Fig. 5 The coefficient of variation of laboratory experiment data for sandstone
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Fig. 6 The coefficient of variation of laboratory experiment data for gneiss

defined as the ratio of the standard deviation to the mean
value and can reflect the discreteness characteristics. All the
calculated COVs are listed in Table 2-3. Also, Figs. 5 and 6
compare the COVs derived from different types of samples.

As seen in Fig. 5, grain size variation exerts absolute
control on the discreteness of BTS, where the COV values
increase markedly when the grain size shift from fine
(COVs from 1.78% to 29.55%) to coarse (COVs between
16.87% to 35.28%). Also, increasing grain size is a crucial
factor to consider for the point load and Schmidt hammer
test. For example, the Iys0) of coarse-grained sandstone
display a wider fluctuating range of COVs than those data

of fine-grained sandstone, where COVs ranging from
1.21% to 28.45%. Similarly, a larger magnitude of COVs
can be observed from the Schmidt hardness of coarse-
grained sandstone (COVs between 2.30% to 9.21%). The
discreteness of P-wave velocities, but, exhibit different
changing tendencies following increasing grain size, which
can be demonstrated by the negligible changes in COVs
(Fig. 5).

As shown in Fig. 6, the discreteness of BTS data
declines continuously along with the increasing anisotropy
inclination (i.e. f from 0°, through 45° to 90°), reflected by
the decrease of COVs. For the point load index, the
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differences of COVs are negligible for samples with
horizontal and vertical anisotropy, but peaked sharply when
test applied at f=45° (COVs from 7.05% to 44.92%).
Moreover, the inconsiderable impact of anisotropy
orientation on P-wave velocity and Schmidt hardness can be
observed, where COVs have a steady fluctuating range
following changing anisotropy orientations (Fig. 6).

4.2 Role of grain size or anisotropy on the
regression analysis parameters

Apart from the correlation coefficients (R?), statistics
indices including Akaike Information Criterion (AIC) and
performance index (PI) were calculated for the proposed
equations of this study (see Table 4). The equation, which
has the smallest value of AIC and the biggest value of PI,
will exhibit the best performance in the BTS estimation.

N W2
y—-vy) ]
AIC=NIn| Y =——| +2np (22)

where N is the total number of samples; y is measured
BTS; y’ is calculated BTS; n, is the number of parameters
that must be estimated.

Pl= [COD + (%) - RMSE] (23)

where COD is the coefficients of determination; VAF is
the variance accounts for (%); RMSE is the root-mean-
square error.

The value of COD, VAF and RMSE can be calculated as
the following equations:

2
cop=1-=0=2) (24)
20—
3 var(y — ) y
VAF = [1 ~ ) 100 (25)

RMSE = (26)

Where y is the mean value of measured BTS; var is
variance; n is the degree of freedom (referred to N minus 1).

As shown in Table 4, the correlations of BTS-/ys0) are
dramatically dominated by the grain size, varying in the
slope and intercept of equations. Further, the equation of
BTS-Is0) through fine-grained sandstone has the smallest
value of AIC and the highest value of R? and PI, which
indicates the best performance for predicting BTS.
However, no significant correlation can be expected from
Is0) to estimate BTS of coarse-grained sandstone.
Compared with fine-grained samples, the correlation degree
between BTS and Iss0) (Eq. (3)) decays noticeably when
samples contain noticeable grain size variation (R* ranging
from 0.89 to 0.56).

Moreover, the anisotropy orientation plays an important
role in the function types of empirical equations, reflected
by the various power and linear functions (Eqs. 4-7). The
equation of BTS-Isp) via samples with B=90° has the
highest R?, PI value and smallest AIC value. Conversely, the
BTS and /ys0) from test at f=45° exhibits the most inferior
degree of correlation. Moreover, multi-directional
anisotropies can exert negative impacts on the equation of
BTS-Iy50), reducing the correlation degree between BTS and
Iys0) (Eq. (7)), probably provoking considerable error for
estimated BTS.

For the P-wave velocity, an inferior degree of
correlation between BTS-V, can be observed from
sandstone samples, where the biggest R? value only reaches
up to 0.54. The P-wave velocity is not reliable to estimate
BTS of sandstones used in this study and should be used
with much care, although this index property has been
widely used to estimate BTS.

Anisotropy orientation is also an important role to
consider for predicting BTS by V}, where four function
types (Egs. 11-14) including logarithmic, exponential and
linear can be seen through samples with different anisotropy
inclination. No significant correlation of BTS-/), can be
derived for the test at B=45°, reflected by an R* value of
0.25. Moreover, the highest R? (0.88) can be seen from the
equation of samples with f=90° while the best performance
of PI (73.20) emerges in the formula of samples with f=0°.
Compared with unidirectional anisotropy, the multi-
directional anisotropies lead to a decline in the degree of
correlation between BTS and ¥}, (Eq. (14)).

For the Schmidt hammer test, the functions of the
proposed formulas (i.e. linear, power, exponential and
logarithmic; Eqs 15-21) are guided by the grain size or
anisotropy. The R? value of the equation between BTS and
R decreases sharply when the grain size shift from fine to
coarse, ranging from 0.70 to 0.38. Meanwhile, the AIC and
PI performances also exhibit a corresponding fluctuating
tendency.

Moreover, anisotropy inclination perturbs the degree of
correlation between BTS and R, where nonsignificant
equation can be developed for the test at [=90°.
Interestingly, although the R? value of samples with p=0° is
bigger than samples =45°, the performances of AIC and PI
present the opposite case. Also, multi-directional
anisotropies display negative impacts on the regression
performance of the equation of BTS-R (Eq. (21)), reflected
by the biggest value of AIC and the smallest value of R? and
PL

4.3 Impact of grain size or anisotropy on the
estimation capability of the equation

In this study, to reflect the impact of grain size or
anisotropy on the estimation capability of derived
equations, the relative error (RE) and mean absolute
percentage error (MAPE) of estimated BTS were calculated
by the following formulas.

RE = (y;y)x 100 27)
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Fig. 7 The relative errors of estimated BTS through point load index. (a) sandstone samples; (b) gneiss samples

11\/
MAPE = —

N.1

p

M| x 100
y

(28)

where y is measured BTS; y’ is calculated BTS; N is the
total number of samples.

Tables 5-9 list the calculated RE and MAPE values and
the fluctuating tendencies of RE are also depicted in Figs.
7-9. The RE and MAPE were not calculated and shown for
nonsignificant equations (P-value more than 0.05).

For the point load test, considerable RE magnitudes can
be seen from the estimated BTS of samples containing
significant grain size variation, with a maximum
overestimation of 130.23% and a maximum underestimation

of up to 7.09% (Fig. 7(a)). Subsequently, the RE and MAPE
magnitudes weaken substantially when the estimated BTS is
derived from fine-grained samples, where the RE fluctuates
between -20.71% and 29.24% while MAPE drops to 15.57%
(Table 5).

The RE data points of estimated BTS through samples
with f=0° cluster uniformly around the exact estimation
lines, with an acceptable deviation of ~ £20% (Eq. (4)).
Huge differences can be seen from the regression analysis
performance of two equations (Eqs. 5 and 6) through
samples with f=45° or 90°, but, these equations exhibit
similar reliability in the BTS estimation, reflected by
similar RE fluctuating range and MAPE value. Once the
samples contain different anisotropy orientations (Eq. (7)),



Impact of grain size or anisotropy on correlations between rock tensile strength and some rock index properties 141

Table 5 The relative errors of estimated BTS via /ys0) of sandstone

Estimated BTS using Eq. (1)

Estimated BTS using Eq. (3)

Sample Measured BTS (MPa) Value
Value (MPa) RE (%) MAPE (%) (MPa) RE (%) MAPE (%)

A 3.94 4.45 12.82 6.35 61.13
B 5.61 5.33 -4.96 6.86 22.26
C 6.99 5.54 -20.71 6.98 -0.14
D 6.22 6.34 2.00 15.57 7.44 19.65
E 11.07 11.28 1.93 10.29 -7.09
F 7.41 7.13 -3.74 7.90 6.55

G 4.06 5.25 29.24 6.81 67.74

42.65

H 493 - - - 7.67 55.55
I 3.09 - - - 5.95 92.61

J 3.63 - - - 8.36 130.23
K 3.26 - - - 6.86 110.39
L 2.49 - - - 3.53 41.76
M 343 - - - 5.28 53.92
N 3.75 - - - 3.97 5.79

Table 6 The relative errors of estimated BTS via Iys0) of gneiss

Estimated BTS by Eq. (4)

Estimated BTS by Eq. (5)

Estimated BTS by Eq. (6) Estimated BTS by Eq. (7)

Measu-red
No- BTS (MPa) (‘1\’21};‘5 RE (%) MAPE (%) (\Iﬁl;‘; RE (%) MAPE (%) (\1/\?1%1;) RE (%) M&I;E (\ﬁg‘; RE (%) 1\/1({;01;15
A 3.98 3.84 3.42 - - - 259 -34.98
B 475 5.59 17.65 - - - 557 1721
C 5.47 5.10 -6.82 - - - 445  -18.58
D 5.02 4.96 -1.28 78 - - - 418 -1678
E 2.56 274 6.94 - - - 180  -29.78
F 4.94 441 -1078 - - - 327 -33.74
G 3.74 - - - 333 -1097 362 -3.19
H 223 - - - 217 271 256 1477
I 245 - - - 307 2519 336 37.10
J 3.46 - - - 3.50 1.16 e 3.80 974  23.78
K 1.91 - - - 212 1078 252 3175
L 3.09 - - - 254 -17.70 287 -7.01
M 4.03 - - - - - - 3.91 -2.93 392 -2.83
N 1.41 - - - - - - 199 4115 278 97.04
0 3.43 - - - - - - 340 -0.95 3.61 5.29
P 1.72 - - - - - - 152 -1187 1352 250 4520
Q 435 - - - - - - 434 =028 417 418
R 234 - - - - - - 271 15.63 320 36.84
S 2.69 - - - - - - 210  -21.83 2.84 5.76

the RE and MAPE of estimated BTS grow dramatically,
where the RE change between -34.98% and 97.04% while
the MAPE reaches 23.78% (Fig. 7(b), Table 6).

It was noted that no reliable correlations can be derived
from Vp to estimate BTS of sandstone samples in this study,
with R? value smaller than 0.54. Similar to the point load

test, rocks with significant grain size variation exhibit
inferior reliability for estimating BTS using Vp, with the RE
range between -53.86 and 69.40 (Fig. 8(a), Table 7). For the
P-wave velocity through gneiss samples, equation from the
test at B=0° (Eq. (11)) exhibits the highest reliability in the
BTS estimation, reflected by the narrowest fluctuating
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Fig. 8 The relative errors of estimated BTS through P-wave velocity. (a) sandstone samples; (b) gneiss samples

range of RE (from -15.35% to 29.19%) and smallest MAPE
value of 10.96 (Fig. 8(b), Table 8). Moreover, considerable
discrepancies can be observed between the estimated BTS
and the measured values derived from samples with
multidirectional anisotropy (Eq. (14)), with a maximum
overestimation of up to 63.50% and a maximum
underestimation of 38.06%.

The impact of grain size on the BTS-R equations was
quite similar to the BTS- Vp equations, reflected by a
similar fluctuating tendency of RE values (Fig. 9(a), Table
9). Moreover, the samples with grain size variation are less

reliable for calculating BTS; and the maximum positive and
negative RE can be up to 59.51% and -57.55%,
respectively.

Corresponding to the similar performance of regression
analysis, similar BTS estimation capability can be observed
between test at f=0° and f=45°, which can be verified by
the similar RE fluctuating range and MAPE value (Fig.
9(b), Table 10). However, the deviation of estimated BTS
increases dramatically when Schmidt hardness from
samples with three anisotropy orientations, reflected by the
wider range of RE (between -37.64% and 141.91%) and
higher MAPE value of 34.41.
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Table 7 The relative errors of estimated BTS via Vp of sandstone
o Measured BTS Estimated BTS using Eq. (8) " 1Est1mated BTS using Eq. (9) Estimated BTS using Eq. (10)
: (MPa) Value (MPa) RE (%)  MAPE (%) (1\?11;1:) RE (%) MAPE (%) Value(MPa) RE (%)  MAPE (%)
A 3.94 5.65 43.53 - - - 4.35 10.40
B 5.61 7.90 40.83 - - - 4.72 -15.83
C 6.99 6.80 -2.70 - - - 4.46 -36.17
D 6.22 5.61 -9.80 24.96 - - - 4.12 -33.71
E 11.07 9.88 -10.78 - - - 5.11 -53.86
F 7.41 10.29 38.85 - - - 5.18 -30.13
G 4.06 5.20 28.03 - - - 3.99 -1.76 31.99
H 4.93 - - - 3.53 -28.33 4.83 -2.03 ’
I 3.09 - - - 3.53 14.22 4.82 56.10
J 3.63 - - - 3.76 3.62 5.25 44.67
K 3.26 - - - 391 19.82 12.10 5.52 69.40
L 2.49 - - - 2.72 9.09 3.40 36.56
M 3.43 - - - 3.31 -3.50 443 29.07
N 3.75 - - - 3.52 -6.14 4.81 28.16
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Fig. 9 The relative errors of estimated BTS using Schmidt hardness. (a) sandstone samples; (b) gneiss samples
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Table 8 The relative errors of estimated BTS via Vp of gneiss
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Measu-red BTS Estimated BTS by Eq. (11)

Estimated BTS by Eq. (13)

Estimated BTS by Eq. (14)

No. (MPa) Value (MPa) RE (%) MAPE (%) Value(MPa) RE (%)  MAPE (%) Value(MPa) RE (%) M(/;EE
A 3.98 3.70 712 - - - 2.81 -29.39

B 475 4.60 311 - - - 3.85 -18.99

C 547 5.40 -1.19 - - - 5.03 -8.06

D 5.02 5.51 9.79 10.96 - - - 521 3.74

E 2.56 3.31 29.19 - - - 2.44 -4.62

F 4.94 4.18 -15.35 - - - 3.33 -32.55

G 3.74 - - - - - - 3.31 -11.58

H 2.23 - - - - - - 2.41 8.04

I 2.45 - - - - - - 3.56 45.46

J 3.46 - - - - - - 3.84 11.12 21.54
K 1.91 - - - - - - 2.10 10.03

L 3.09 - - - - - - 1.91 -38.06

M 4.03 - - - 434 7.60 3.71 -8.05

N 1.41 - - - 1.70 20.71 2.30 63.30

0 3.43 - - - 442 28.87 3.73 8.87

P 1.72 - - - 1.64 -4.93 18.02 224 30.38

Q 435 - - - 3.88 -10.81 3.54 -18.65

R 234 - - - 3.05 30.43 3.18 35.84

S 2.69 - - - 3.30 22.81 3.30 22.58

Table 9 The relative errors of estimated BTS via R of sandstone

No Measured BTS Estimated BTS by Eq. (15) Estimated BTS by Eq. (16) Estimated BTS by Eq. (17)
' (MPa) Value (MPa) RE (%)  MAPE (%) Value (MPa) RE (%) MAPE (%) Value (MPa) RE (%) MAPE (%)
A 3.94 4.96 25.96 - - - 445 12.82
B 5.61 6.02 729 - - - 5.41 -3.51
C 6.99 4.96 -29.00 - - - 445 -36.41
D 6.22 5.10 -18.09 23.97 - - - 4.57 -26.59
E 11.07 10.24 747 - - - 9.29 -16.12
F 7.41 8.26 11.51 - - - 747 0.81
G 4.06 5.62 38.50 - - - 5.05 24.38
H 493 - - - 3.61 -26.69 4.69 -4.93 3513
I 3.09 - - - 3.68 18.96 4.93 59.51
J 3.63 - - - 3.55 -2.14 445 22.45
K 3.26 - - - 3.86 18.31 11.02 5.66 73.47
L 2.49 - - - 2.61 479 1.06 -57.55
M 3.43 - - - 3.46 1.01 4.11 19.71
N 3.75 - - - 3.55 -5.27 428 17.06

4.4 Comparison with previous studies

To explore the differences in correlations due to
different grain size or anisotropy characteristics, previous
empirical equations were used to calculate BTS based on
the rock index properties of this study. Figures 10-12 show
the comparison between the measured BTS (black dots) and
the calculated BTS. Each column group represents an
individual empirical equation, and the scattered data point is
the estimated BTS based on the rock index properties of
each specimen. For the point load test, the proposed
correlations of sandstones were compared to previous
studies using relative homogeneous rocks while the

correlations of gneiss were compared with previous
equations via anisotropic rocks. As the limit number of
previous equations, the proposed equations of BTS-Vp/R
form sandstone or gneiss are respectively compared with all
previous equations.

As shown in Figs. 10-12, the correlations between BTS
and index properties are significantly different once rocks
characterized by various grain size or anisotropy properties.
Using an empirical equation ignoring grain size or
anisotropy can yield considerable discrepancies between the
measured BTS and the calculated values. Even though the
same sandstone or gneiss samples in this study, variation
grain size or anisotropy orientation can still generate
considerable errors of estimated BTS.
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Table 10 The relative errors of estimated BTS via R of gneiss
o, Measu-red BTS Estimated BTS by Eq. (18) Estimated BTS by Eq. (19) Estimated BTS by Eq. (21)
(MPa) Value MPa) RE (%) MAPE (%) Value(MPa) RE (%)  MAPE (%) Value(MPa) RE (%) M(’;“A};E

A 3.98 5.07 27.49 - - - 3.46 -12.97

B 4.75 522 9.84 - - - 3.50 -26.26

C 5.47 4.88 -10.73 1401 - - - 3.41 -37.64

D 5.02 436 -13.13 - - - 3.25 -35.17

E 2.56 2.82 10.20 - - - 2.65 3.61

F 4.94 431 -12.69 - - - 3.24 -34.43

G 3.74 - - - - - - 3.58 -4.36

H 2.23 - - - - - - 2.80 25.65

I 2.45 - - - - - - 3.41 39.11

J 3.46 - - - - - - 3.48 0.49 34.41
K 1.91 - - - - - - 3.25 70.39

L 3.09 - - - - - - 341 10.38

M 4.03 - - - 3.34 -10.76 3.55 -11.97

N 1.41 - - - 1.93 -13.43 341 141.91

(6] 3.43 - - - 2.89 17.90 3.59 4.63

P 1.72 - - - 3.06 -11.63 15.73 3.50 103.63

Q 435 - - - 2.57 34.36 3.37 -22.53

R 2.34 - - - 2.89 -6.32 3.56 52.34

S 2.69 - - - 3.34 -10.76 3.13 16.45

Especially, the maximum underestimation of BTS
reaches up to 491.75% through the equation of BTS-/so)
(Gurocak et al. 2012) (see Fig. 10(a)). Also, an
unacceptable error of estimated BTS appeared from the
equation of Fereidooni (2016), i.e., a negative BTS value of
0.17 MPa. Moreover, considerable discrepancies can be
seen between the estimated BTS and the measured values
when the equation of BTS-Iys0) ignoring anisotropic
orientation, with a maximum overestimation of BTS up to
279.40% (from the equation of Mishra and Basu 2012) (see
Fig. 10(b)).

Meanwhile, different grain size or anisotropic properties
can result in considerable discrepancies between the
measured BTS and estimated values via correlation of BTS-
Vo, where the maximum overestimations of BTS can be up
to 380.55% and 560.99%, respectively (data from
Khandelwal and Singh (2009)) (see Figs. 11(a)-(b)). Similar
phenomena can be observed from the correlations between
BTS and R; and the equation of Karaman et al. (2015) can
predict BTS with maximum overestimations of 129.67%
(through R of sandstone) and 550.15% (via R of gneiss),
respectively (see Figs. 12(a)-(b)).

5. Conclusions and recommendations

To enhance the reliability of rock index properties on
anisotropic and heterogeneous rocks in BTS estimation, this
study presents new insights into the respective impact of
grain size or anisotropy on the correlations between BTS
and index properties. The aim was achieved by presenting

intensive laboratory experiments as well as regression
analysis. The regression analysis parameters and estimation
capability of each proposed correlation have been discussed
through comparative study. The following points are
concluded from this work.

Increasing grain size or inclined anisotropy (i.e. p=45°)
give rise to more discrete point load strength; and reliable
point load index can be obtained when the test applied on
fine-grained sandstone or at B=0° or 90° for gneiss.
Moreover, empirical equation based on point load strength
of fine-grained sandstone shows high reliability in the BTS
estimation, but, no significant correlation of BTS-/ys0) can
be derived from coarse-grained sandstone. For the
anisotropic rock, point load index at f=45° exhibits inferior
correlated degree to BTS than those tests at f=0° or 90°.
However, the two equations of BTS-/ys0) from gneiss with
B=45° or 90° have similar estimation capability for
calculating BTS.

For the P-wave velocity test, varying grain size or
anisotropy inclination exerts a negligible impact on the
discreteness of Vp data. However, no reliable empirical
equation of BTS-Vp can be expected for both fine and
coarse-grained sandstone in this study; and the correlated
degree between BTS and Vp declines dramatically due to
the coarse grain size. Moreover, the empirical equation of
BTS-Vp from samples with B=0° reveals the best
performance in the BTS estimation. Also, the P-wave
velocity test at B=45° is not valid for the estimation of BTS.

Coarse grain size leads to an escalation of discreteness
of Schmidt hammer readings, but this phenomenon cannot
be seen from the inclined anisotropy. Also, the correlated
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Fig. 10 Comparison between the proposed equations of BTS-/s0) and previous studies. (a) sandstone samples; (b) gneiss

samples

degree between BTS and R will weaken substantially by the
impact of coarse grain size, where no reliable correlation of
BTS-R can be derived. For the anisotropic rock, the
Schmidt hammer tests performed at f=0° and p=45° show
similar reliability in the BTS estimation. However, the
empirical equation from samples with vertical anisotropy is
not valid for predicting BTS; and a corresponding
phenomenon can be seen from samples with
multidirectional anisotropies.

The correlations between BTS and index properties are
significantly different once rocks characterized by various
grain size or anisotropy properties. Using an empirical

equation ignoring grain size or anisotropy can Yyield
considerable discrepancies between the measured BTS and
the calculated values.

The present finding, thus, implies that either grain size
variation or multidirectional anisotropy reduces not only the
correlated degree between BTS and index tests, but also the
BTS estimation reliability of those correlations. All three
rock index properties should be used with much care for
coarse-grained rocks; and should be respectively performed
on samples with unidirectional anisotropy. Among three
index properties, point load test is most reliable in the BTS
estimation for both sandstone and gneiss, verified by the
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small discrepancies of estimated BTS. P-wave velocity test
should not be performed at 45° angle to the anisotropy in
the BTS estimation; and this recommendation is also
appropriate for the Schmidt hammer test conducted parallel
to anisotropy. Moreover, although developing empirical
equations is not the main purpose of this study, the
proposed equations can also be referenced by researchers
and practitioners to estimate BTS for rocks with the same
lithology, but with much care of grain size or anisotropy.
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