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Influence of rock heterogeneity on
the correlation between uniaxial
compressive strength and Brazilian
tensile strength

Fanmeng M. Kong'?*“, Mingyi Han?, Yuting T. Zhao'3**, Haitao Lu3, Shian Liu'3,
Pengyu Luan'3, Baolong Zhuo* & Gaofei Shi':3

To offer guidance for using Brazilian tensile strength (BTS) to estimate UCS of heterogeneous rocks,
this study uses sandstone (fine or coarse grain) and gneiss (0°, 45°, 90° inclined anisotropy) to
investigate the influence of grain size or anisotropy on the correlations of UCS-BTS. According to the
regression analysis, there is no significant equation of UCS-BTS for rocks with vertical anisotropy.

The grain size variation or multidirectional anisotropy can result in a decrease in the determination
coefficient value of correlations. Then, coarse grain size or vertical anisotropy deteriorates the
statistical performance of correlations between UCS and BTS, reflected by the Akaike Information
Criterion and performance index. For rocks with fine grain size or 45° inclined anisotropy, the data
points of estimated UCS are clustered uniformly around the exact estimation line. Finally, the accuracy
of predicted UCS via BTS declines obviously following the varying grain size or different anisotropy
orientations. Using empirical formulas with different grain sizes or anisotropy properties can generate
significant errors in estimated UCS. To predict UCS, BTS should be extracted from rocks with single
grain size magnitude or unidirectional anisotropy. Moreover, the Brazilian test parallel to the
anisotropy cannot be used to derive the correlation of UCS-BTS.
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Uniaxial compressive strength (UCS) has been widely referenced by the rock mass classification systems (i.e.,
RMR (rock mass rating)! or rock failure criteria (i.e., Hoek-Brown criterion)>?, which acted as the reliable
basis for the design of underground structures and slope stabilization*-°. Also, UCS is an extremely significant
mechanical parameter for civil and infrastructure projects, such as dams and foundations’~1°.

The standard testing methods of UCS have been suggested by the ISRM (International Society for Rock
Mechanics)!'! and ASTM (American Society for Testing and Materials)!'2. However, the laboratory experiments
of UCS require standard core specimens whose drilling procedure is time-consuming and expensive, especially
for the extremely hard, soft, highly fractured or thinly bedding rocks'>~16. Thus, the indirect methods for
estimating UCS have been considered by many academics and practitioners'’'°. According to the Griffith’s
theory of failure, the UCS was eight times the tensile strength of rock. As such, numerous papers attempted to
derive the correlations between UCS and Brazilian tensile strength (BTS) since the 1950s.

The pioneering study on this topic was presented by Hosking?® and the conversion factors between UCS
and BTS fluctuated from 4 to 10. Then, increased attention was directed toward coal or coal measure rocks?!?2.
Apart from the zero-intercept linear equation, intercept linear function was also proposed for the correlations
of UCS-BTS?%4,

Weathering is a crucial factor in deteriorating the mechanical properties of rock, and the conversion factors
of UCS-BTS were different for the fresh and decomposed rocks. For example, Lumb?® found that the ratio of
UCS to BTS was 14 for fresh rock and 8 for weathered rock, respectively. This study was followed by Gupta and
Rao?, where the conversion factor between UCS and BTS ranged due to the weathered degree of rock.
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In 2010, Altindag and Guney? first derived a power correlation of UCS-BTS. After that, three function
types, linear, power, and exponential, were presented for the equations of estimating UCS through BTS of rock
from various geological origins (see Table 1). Recently, Kong et al. (2024) collected the UCS and BTS data from
worldwide studies since the 1950s and found that UCS is nearly eight times BTS. This finding can support
Griffith’s theory of failure.

Moreover, it was found that the correlations of UCS-BTS were significantly affected by the rock heterogeneity,
such as grain size variation and weak planes (i.e., anisotropy including geological bedding, schistosity, foliation
or gneissosity)®*>!. Coarse-grained rock has a higher value of BTS, where the coarser quartz acts as the main
stress-bearing skeleton®. Besides, coarse grains result in an increased discreteness degree of BTS data, reflected
by the higher values of coefficient of variation®.

Meanwhile, it was noted that BTS increased as the anisotropy angle increased from 0° to 90°°*%. The
maximum BTS can be obtained from the rock specimen with horizontal anisotropy, while the smallest value
is observed at different anisotropy angles for different rocks®®>”. Also, the discreteness of BTS data decreases
continuously following the increasing anisotropy inclination™.

Based on the above review, the impacts of grain size or anisotropy on the Brazilian test have been widely
explored; but, how the correlation of UCS-BTS responds to lithological heterogeneities remains unexplained.
And yet, isotropic and homogeneous rocks are seldom found in nature. To direct using Brazilian test to
predict UCS of heterogeneous rock, this study will investigate the effects of grain size or anisotropy on the
correlations between UCS and BTS. Then, the deviations of estimated UCS derived from rock heterogeneity can
be minimized. The results of this work can potentially improve the accuracy of estimated UCS, which is essential
for rock engineering.

To achieve this goal, this study will perform UCS and Brazilian tests on two typical heterogeneous rocks,
i.e., sandstones with different grain sizes and gneiss with visible gneissosity. This was followed by the regression
analysis used to derive the correlation of UCS-BTS. Then, the influence of grain size or anisotropy on the

Equations R?* | Rock-types No. of samples | References
UCS=(4-10)BTS - - - Hosking?
UCS=(17-28)BTS - Coal - Pomeroy and Foote?!
UCS=3.27TBTS — 0.97 - Limestone, sandstone, mudstone and siltstone | — Hobbs?
UCS=2.84BTS — 3.39 - Limestone, sandstone, mudstone and siltstone | - Hobbs**
UCS=3.6BTS+15.2 - Coal measure rocks 229 Szlavin??
UCS=(8-14)BTS - Igneous rocks (Hong Kong, China) - Lumb®
UCS=(7.9-9.72)BTS - Granite, basalt, quartzite (India) 13 Gupta and Rao?
UCS=12.2BTS - Limestone (Nigeria) - Teme?®
UCS=(10-20)BTS - Mudstone, limestone, granite, sandstone - Brook?
UCS=(5-50)BTS - Various rock types - Lade®
UCS=6.71BTS+36.0 0.61 | Sandstone (South Africa) 27 Bell and Lindsay’!
UCS=(6.74-10.26)BTS - Granite and limestone - Din and Rafig®
UCS=6.67TBTS+0.73 0.92 | Granite, granodiorite (Turkey) 10 Tugrul and Zarif*?
UCS—=8BTS - Brittle rocks - Brady and Brown**
UCS=6.8BTS+13.5 0.65 | Greywackes (Turkey) 82 Gokceoglu and Zorlu*®
UCS=4.9BTS _ Calcarenite > Coviello et al.*
UCS=6.2BTS - | Gasbeton
UCS=2.38BTS1-0725 0.79 | Limestone, granite, marble (Turkey) - Altindag and Guney?’
UCS=2.86e2-915BTS - Coal - Arioglu and Tokgoz*’
UCS=10.61BTS 0.54 | Limestone, marble, Serpentinite (Turkey) 46 Kahraman et al.*
UCS=5.86BTS+17.5 - Limestone (Iran) 32 Rajabzadeh et al.*
UCS=8.60BTS — 27.57 - Diagenetic dolomitic limestone (Iran)

UCS=12.4BTS — 9.0 - - - Sivakugan et al.*’
UCS=7.22BTS-+40.077 0.61 | Granite, granodiorite (Turkey) 6 Yesiloglu-Gultekin et al.*!
UCS=4.874BTS+24.301 | 0.90 | Metabasalt, dacite, basalt (Turkey) 37 Karaman et al.#2
UCS=15.36BTS — 10.303 Shale, old alluvium (Nusajaya, Malaysia) 40 Mohamad et al.**
UCS=10.03BTS+55.19 0.92 | Hornfels schist (Iran) 8 Fereidooni**
UCS=10.4BTS+18.2 0.63 | Flint (Europe) 7 Aliyu et al.’®
UCS=3.469BTS+15.73 Travertine (Iran) 32 Ebdali et al.®
UCS=7.73BTS!-197 0.90 | Andesite, limestone, marble (Turkey) 93 Teymen and Mengii¢*®
UCS=4.2327BTS+13.638 | 0.53 | Gypsum (United Arab Emirates) 48 Arman?’
UCS—7.26BTS 0.95 | Carbonate rocks (Iran) 107 Sadeghi et al.*®
UCS—8.1442BTS 0.83 | Various 443 Kong et al.®

Table 1. The representative correlations between UCS (MPa) and Brazilian tensile strength (MPa).
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correlation between UCS and BTS will be explored in three aspects: (1) the discreteness of uniaxial compressive
and Brazilian testing data; (2) variation of the parameters of regression analysis (3) discrepancies between
measured UCS and estimated UCS via BTS. Finally, a comparison study was performed by comparing the
proposed equations with the previous studies.

Sample preparation and laboratory experiments

To eliminate the lithological effect, sandstones with different grain size magnitudes, i.e., fine (<0.1 mm) and
coarse grain (>0.25 mm), were sampled from the identical geological cross-section in Zibo City, China. Also,
gneiss blocks (with visible gneissosity) were collected from Neo-archean intrusive rocks in Jining City, China.
The heterogeneous characteristics of rock samples were observed through the thin section photomicrographs
(see Fig. 1). It was noted that grain size variation and anisotropy (i.e., non-persistent gneissosity) were displayed
clearly under the microscale. For the UCS and Brazilian tests, the drilling sampler with a diameter of 50 mm
was used to obtain the standard cylindrical specimens. To obtain gneiss samples with different anisotropy
inclinations, rock blocks were drilled normal, at 45°, or parallel to the gneissosity (Fig. 2). A total of 14 sandstone
samples and 19 gneiss samples were prepared for the following laboratory experiments.

The uniaxial compressive tests were conducted based on the recommendation of China national standard®®.
Core samples have a diameter of 50 mm and a height of 100 mm, respectively (Fig. 3). The standard cylindrical
specimens were uniaxially compressed with a loading rate of 0.5 MPa/s. The final UCS is the mean result of three
specimens (Tables 2 and 3).

The same machine, possessing the ability to exert and measure axial load on rock specimens (with a loading
rate of 0.5 MPa/s), was utilized for the Brazilian test. To produce uniform tensile stress distribution, two steel
loading jaws were used to contact the disc-shaped rock specimen at diametrically opposed surfaces (Fig. 3).
Rock specimens have a diameter of 50 mm and a height-to-diameter ratio of 0.5. The test should be repeated 3
times for each sample type (Tables 2 and 3), and the Brazilian tensile strength-BTS (MPa) can be determined as
the following Eq.

s

e
B2 4

—

Fig. 1. Thin section photomicrographs of rock specimens. (a) Fine-grained sandstone; (b) coarse-grained
sandstone; (c) gneiss observed under plane-polarized light; (d) gneiss presented under cross-polarized light.
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Fig. 2. The characterization of rock samples used in this study. (a) Sandtone samples with different grain size;
(b) gneiss samples with different gneissosity orientations.

2P
TS = 2 1
BTS r (1)

where Pis the peak load at failure (N); D and ¢ is the diameter and thickness of rock specimens (mm), respectively.

Regression analysis

In this study, regression analysis will be used to derive the correlations between UCS and BTS. Four function
types including linear, power, exponential and logarithmic are evaluated for the correlation and the equation with
the highest determination coefficient (R?) was regarded as the best-fitting function. To verify the significance of
the proposed equation, parameter of P-value was calculated concerning the 95% confidence interval. Once the
P-value is smaller than 0.05, there is a real correlation between UCS and BTS.

Figures 4 and 5; Table 4 show the regression analysis results and its corresponding parameters. It is noted
that zero-intercept linear equations of UC-BTS are presented for almost all the sample types, apart from rocks
with vertical anisotropy. Also, the magnitudes of the P-value of the above formulas are lower than the limit of
0.05, which means the correlations between UCS and BTS are significant. However, there are no real correlated
equations between UCS and BTS for gneiss with  =90°, reflected by the P-value (larger than 0.05) and R? (0.0198).
Moreover, the proposed equations give somewhat different magnitudes of R? value. Thus, the significance of
proposed formulas fluctuates dramatically following changing grain size or anisotropy orientation.

Results interpretation, comparison and discussion

Influences of grain size or anisotropy on the parameters of regression analysis

Grain size or anisotropy is suspected to have a significant impact on the correlations between and BTS, which
can be demonstrated by the different parameters of regression analysis. The UCS of either fine-grained sandstone
or coarse-grained sandstone shows a high correlated degree with BTS, whose R? value is 0.985 and 0.958,
respectively. For the rock samples containing different magnitudes of grain size, the correlated degree between
UCS and BTS declines significantly and has an R? of 0.876. Meanwhile, the R? value of the proposed equations
decreases evidently when the grain size shifts from fine grain to coarse grain.

Consistent with the effect of grain size variation, multidirectional anisotropy results in a decline of correlated
degrees between UCS and BTS, favored by the R? value of 0.887. Then, the UCS of rock specimens containing
unidirectional anisotropy has a higher correlated degree with BTS, where R? values of rocks with horizontal and
45° inclined anisotropy are 0.962 and 0.988, respectively. However, there is no real correlation between UCS and
BTS and the P-value of this empirical formula is larger than 0.05 (Table 4).
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Fig. 3. Laboratory experimental setup. (a, b) Uniaxial compressive test; (c, d) Brazilian test.

Thus, coarse grain size has a significant impact on the Brazilian test in the UCS estimation, changing the
conversion factor and eventually reducing the correlated degree between UCS and BTS. On the other hand,
decreases in grain size are accompanied by increasing R? value. This is likely to be caused by different discrete
degrees of UCS data. It is noted that the COV's of UCS from fine-grained sandstone change between 0.72% and
11.03% while the UCS of coarse-grained sandstones have a COV fluctuating range from 1.03 to 24.62%. The
UCS of fine-grained sandstone has a relatively smaller discrete degree than the coarse-grained sandstone.

The BTS of rocks with 45° inclined anisotropy show the highest correlated degree to UCS. Also, the vertical
anisotropy makes the equation of UCS-BTS insignificant. The potential causes of this phenomenon may be
generated by different responses to anisotropy for the UCS and BTS test. The stress states of UCS and BTS
are compressive and tensile, respectively. Previous study indicates that rock is more brittle and much easier to
be fractured at 30° inclined anisotropy due to the uniaxial compressive stress®. However, the biggest BTS is
observed from the rock with horizontal anisotropy, while the smallest value is from vertical anisotropic rock®.
This means that rock prefers to fracture along the vertical anisotropy and the BTS reflects the strength of weak
planes, rather than the rock strength itself. Therefore, it is impossible to derive a correlation between the strength
of rock and weak plane.

Influences of grain size or anisotropy on the estimated capability of correlations between
UCS and BTS

Two statistics indices including Akaike Information Criterion (AIC) and performance index (PI) will be used
to evaluate the UCS estimation performance of proposed equations. The smallest AIC value and biggest PI
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Uniaxial compressive test UCS Brazilian test BTS

Sample No. | Sample description Magnitude + STD (MPa) | COV (%) | Magnitude + STD (MPa) | COV (%)
A 81.53+3.16 3.88 3.94+0.81 20.56
B 86.11+1.95 2.26 5.61+0.10 1.78
C 97.13+0.70 0.72 6.99+1.67 23.89
D Fine-grained sandstone 85.88+7.79 9.07 6.22+1.58 25.40
E 158.97 +12.13 7.63 11.07 +1.64 14.81
F 112.35+12.39 11.03 7.41+2.19 29.55
G 81.71+8.00 9.79 4.06+0.80 19.70
H 137.14+3.42 2.49 4.93+1.04 21.10
I 105.01+£22.39 21.32 3.09+1.09 35.28
] 116.15+7.21 6.20 3.63+0.92 25.34
K Coarse-grained sandstone | 131.70 +32.43 24.62 3.26+0.64 19.63
L 114.44+25.14 21.97 2.49+0.42 16.87
M 57.37+0.59 1.03 3.43+0.88 25.66
N 72.47 +15.00 20.69 3.75+0.78 20.80

Table 2. Results of laboratory experiments on sandstone and corresponding STD and COV. STD Standard
Deviation, COV coefficient of variation.

Uniaxial compressive test UCS Brazilian test BTS

Sample No. | Sample description | Magnitude + STD (MPa) | COV (%) | Magnitude + STD (MPa) | COV (%)
A 71.20+13.16 15.65 3.98+1.66 41.71
B 126.67 +8.74 6.90 4.75+0.75 15.79
C 126.68 +4.92 3.88 5.47+1.41 25.78
D Gnelss (=0 100.80+7.71 7.65 5.02+1.76 35.06
E 43.39+2.11 4.86 2.56+0.37 14.45
F 73.25+3.95 5.39 4.94+0.94 19.03
G 99.07 £9.04 9.12 3.74+0.65 17.38
H 59.53+5.38 9.04 2.23+0.62 27.80
I 79.58 +14.95 18.79 2.45+0.31 12.65
] Gnelss (p=457 106.13 +6.64 6.25 3.46+0.25 7.23
K 70.31+1.37 1.93 1.91+£0.03 1.57
L 82.38+22.39 27.18 3.09+0.28 9.06
M 106.08 +5.78 5.45 4.03+0.43 10.67
N 99.89+4.96 4.96 1.41+0.28 19.86
O 96.93+11.14 11.49 3.43+0.19 5.54
P Gneiss ($=90°) 121.30+£6.67 5.50 1.72+0.11 6.40
Q 109.85+13.83 12.59 4.35+0.41 9.43
R 114.64+8.57 7.47 2.34+0.12 5.13
S 91.37+0.16 0.17 2.69+0.35 13.01

Table 3. Results of laboratory experiments on gneiss and corresponding STD and COV. STD Standard
Deviation, COV coefficient of variation.

value represent the best UCS estimated capability of correlation between UCS and BTS. The above two statistics
indices can be calculated as follows.

N

AV
AIC =NIn | (Y*TY) 1 2np 9)

i=1

where N is the sample quantities; y is actual UCS; y’is estimated UCS; n is the number of parameters must be
estimated.

VAF

PI= {R2 + (1—00> - RMSE} (10)
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Fig. 4. Equations between UCS and BTS of sandstone. (a) Fine-grain size; (b) coarse-grain size; (c) all
sandstone samples.

where R? is the determination coefficient; VAF is the variance accounts for (%); RMSE is the root-mean-square

error.
The R%, VAF and RMSE can be calculated due to the following equations:
’1\2

RZ_1_ 2O 3_')2 an

> =)

var(y —y')
VAF = |1 - 22 )1 o100 (12)
var(y)

(13)

where —y is the average value of actual UCS; var is variance; n is the freedom degree.

Table 4 list the AIC and PI values of derived equations. The UCS estimation capabilities of correlation
between UCS and BTS weaken substantially following the growth of grain size, which can be verified by the
increasing AIC value and decreasing PI value. The Brazilian test performed on rocks containing different grain
size magnitudes shows the worst UCS estimated capability, and the corresponding correlation of UCS-BTS has
an AIC of 103.43 and PI of -133.43, respectively.

The correlation of UCS-BTS from rock with 45° inclined anisotropy has the smallest AIC and biggest PI value,
which indicates this empirical equation is most reliable in the UCS prediction. Rock samples with horizontal
anisotropy show an inferior UCS estimated capability. The vertical anisotropy makes the correlation of UCS-BTS
insignificant, but this phenomenon cannot be seen from the performance of AIC and PI values. Also, the UCS
estimation capability of the Brazilian test is deteriorated by the multidirectional anisotropy.

Moreover, the estimated UCS via BTS were plotted against the measured UCS, and a data point located
on the 1:1 diagonal line (red line in Figs. 6 and 7) indicated the exact estimation. As seen from Fig. 6, the
points of estimated UCS are clustered uniformly around the diagonal lines, especially for the samples of fine-
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Fig. 5. Equations for correlating UCS to BTS of gneiss. (a) Samples with horizontal anisotropy; (b) samples
with 45° inclined anisotropy; (c) samples with 45° and 90° inclined anisotropy; (d) all gneiss samples.

Sample types Equation Equation No. | R? P-value AIC | PI

Fine grain size UCS=15.043BTS (1) 0.985 | 1.55%x107°° 37.44 63.86
Coarse grain size UCS=29.645BTS (2) 0.958 |2.43%x10°° 45.49 10.52
All sandstone samples UCS=18.175BTS (3) 0.876 |2.24x1077 |103.43 |-133.43
Gneissosity: p=0° UCS=20.541BTS (4) 0.962 |9.42x10°° 37.00 | 44.03
Gneissosity: p=45° UCS=29.01BTS (5) 0.988 | 4.96x107° 2849 | 59.70
Gneissosity: p=90° UCS=-1.306BTS+109.45 | (6) 0.0198 | 0.76 33.65 -8.35
Gneissosity: f=45°90° | UCS=22.972BTS (7) 0947 |2.21x10°8 74.65 15.91
All gneiss samples UCS=25.554BTS (8) 0.887 | 6.00x10710 | 134.18 |-141.93

Table 4. The results of the regression analysis.

grained sandstone. The distances between data points and diagonal line increase evidently due to the coarse
grain size. Once the rock samples contain different grain size magnitudes, the data points will deviate further
compared with fine or coarse grain size. Similarly, for the rock samples containing unidirectional anisotropy, a
slightly smaller discrepancy was observed between the estimated UCS and measured UCS. Different anisotropy
orientations lead to an escalation of the discrepancies of estimated UCS and the data points are scattered around

the diagonal line (see Fig. 7).

Moreover, the relative errors (RE) and mean absolute percentage error (MAPE) of estimated UCS are used
to ulteriorly illuminate the effects of grain size or anisotropy on estimated UCS through BTS, and the above two

parameters can be calculated based on the following formulas:

RE—<y

7/
y)xwo
y

(14)
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Fig. 6. Estimated capabilities of the derived equations of sandstone. (a) Fine-grain size; (b) coarse-grain size;
(c) all sandstone samples.
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The RE and MAPE values of estimated UCS are listed in Tables 5 and 6, and changing rules of RE for each
estimated UCS data are also shown in Figs. 8 and 9. As seen in Fig. 8, the RE values of estimated UCS from rocks
with grain size magnitudes have a wide fluctuating range, changing between —55.01% and 31.63%. Meanwhile,
the MAPE value reaches up to 28.65. Then, the RE and MAPE values decreased significantly when the Brazilian
test was performed on the rocks with a single magnitude of grain size. Moreover, BTS of fine-grained rocks are
more reliable than coarse-grained rocks in UCS prediction. This can be certified by the narrower RE range (from
—27.3110 8.95%) and smaller MAPE value (11.01). Thus, the coarse grain size exerts a negative influence on the
accuracy of estimated UCS.

Rock samples with f=90° are the most reliable for estimating UCS, where the RE values range from 21.19 to
9.52% and the MAPE is 10.72 (see Fig. 9). Also, BTS of samples containing horizontal anisotropy show inferior
reliability in the prediction of UCS, reflected by the wider RE range (from 22.97 to 38.54%) and higher MAPE
value (18.52). For the rocks with three anisotropy inclinations (i.e. f=0° 45° 90°), the RE values fluctuate
within a relatively wide range and change between 63.76% and 50.78%. When the rocks contain two anisotropy
orientations (i.e. p=0°, 45°), the estimated capability of BTS is enhanced sightly, where the MAPE declines from
26.44 to 23.42. Hence, the anisotropy inclination plays a major role in the UCS predictive performance of the
Brazilian test.

Comparison study
Previous equations of UCS-BTS from sandstone and granite (no previous equations from gneiss) are used to
predict UCS through the BTS data of this study. The comparisons between the measured UCS (black dots) and
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Fig. 7. Estimated capabilities of the derived equations of gneiss. (a) Samples with horizontal anisotropy; (b)
samples with 45° inclined anisotropy; (c) samples with 45° and 90° inclined anisotropy; (d) all gneiss samples.

Estimated UCS using Eq. (1) Estimated UCS using Eq. (2) Estimated UCS using Eq. (3)
No. | Actual UCS (MPa) | Value (MPa) | RE (%) | MAPE | Value (MPa) | RE (%) | MAPE | Value (MPa) | RE (%) | MAPE
A 81.53 59.27 —-27.31 - - - 71.61 —-12.17
B 86.11 84.39 -2.00 - - - 101.96 18.40
C 97.13 105.15 8.26 - - - 127.04 30.80
D 85.88 93.57 8.95 11.04 - - - 113.05 31.63
E 158.97 166.53 4.76 - - - 201.20 26.57
F 112.35 111.47 —-0.78 - - - 134.68 19.88
G 81.71 61.07 —25.25 - - - 73.79 -9.69

28.65

H 137.14 - - - 146.15 6.57 89.60 —34.66
I 105.01 - - - 91.60 -12.77 56.16 —46.52
] 116.15 - - - 107.61 —-7.35 65.98 —43.20
K 131.70 - - - 96.64 —26.62 |20.93 59.25 —55.01
L 57.37 - - - 73.82 28.67 45.26 —-21.11
M 114.44 - - - 101.68 —-11.15 62.34 —45.53
N 72.47 - - - 111.17 53.39 68.16 —5.96

Table 5. The relative errors of estimated UCS based on derived equations for sandstone.
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Estimated UCS by Eq. (4) Estimated UCS by Eq. (5) Estimated UCS by Eq. (7) Estimated UCS by Eq. (8)
No. | Actual UCS (MPa) | Value (MPa) | RE (%) | MAPE | Value (MPa) | RE (%) | MAPE | Value (MPa) | RE (%) | MAPE | Value (MPa) | RE (%) | MAPE
A 71.20 81.75 14.83 - - - 91.43 28.42 101.70 42.85
B 126.67 97.57 —22.97 - - - 109.12 —13.86 121.38 —4.18
C 126.68 112.36 —-11.31 1852 - - - 125.66 —0.81 139.78 10.34
D 100.80 103.12 2.30 - - - 115.32 14.40 128.28 27.26
E 43.39 52.58 21.20 - - - 58.81 35.55 65.42 50.78
F 73.25 101.47 38.54 - - - 113.48 54.93 126.24 72.35
G 99.07 - - 108.50 9.52 85.92 —13.28 24 95.57 —3.53
H 59.53 - - - 64.69 8.68 51.23 —13.94 56.99 —4.27
I 79.58 - - - 71.07 —10.69 56.28 —29.28 62.61 —21.33
] 106.13 - - - 100.37 —5.42 1072 79.48 —25.11 88.42 —16.69 |26.44
K 70.31 - - - 55.41 -21.19 43.88 —37.60 48.81 —30.58
L 82.38 - - - 89.64 8.81 70.98 —13.84 78.96 —4.15
M 106.08 - - - - 102.98 —2.92
N 99.89 - - - - 36.03 —-63.93
O 96.93 - - - - - - 87.65 —-9.57
P 121.30 - - - - - - 43.95 —63.76
Q 109.85 - - - - - - 111.16 1.19
R 114.64 - - - - - - 59.80 —47.84
S 91.37 - - - - - - 68.74 —24.77

Table 6. The relative errors of estimated UCS based on derived equations for gneiss.

the estimated values are shown in Figs. 10 and 11. Each column represents an individual correlation, and the
data points are estimated UCS values from the empirical equation.

As seen in Fig. 10, using improper empirical formulas can give rise to significant errors in estimated UCS,
for example, the predicted UCS of 3.68 MPa from Hobbs (1967). The previous equations via sandstones have
different grain-size characteristics, and this property results in considerable discrepancies between the actual
and estimated UCS, where the maximum underestimation of UCS is 89.5%. Even though the sandstone samples
used in this study, coarse grain leads to dramatic discrepancies in estimated UCS, the maximum overestimation
of UCS reaches up to 44.0%.

Similarly, a very small estimated UCS value (3.44 MPa) can be seen from the equation proposed by Altindag
and Guney (2010), and this evident error derives from the influences of different anisotropic properties (Fig. 11).
Also, the discrepancies between actual and predicted UCS are noticeable, with a maximum underestimation
of UCS of 90.7%. For the gneiss samples used in this study, the Brazilian test ignoring anisotropy inclination
can generate errors of estimated UCS. However, this phenomenon is not significant, where the maximum
overestimation of UCS is 3.7%.

Conclusion

In this study, the influence of grain size or anisotropy on the correlation of UCS-BTS is explored using sandstone
(fine or coarse grain size) and gneiss (0°, 45°, 90° inclined anisotropy) samples. Based on the data of laboratory
experiments, correlated relations between UCS and BTS are derived from via regression analysis. It is noted
that several significant formulas for estimating UCS can be established with BTS, except for rocks with vertical
anisotropy. The grain size variation or multidirectional anisotropy led to a decline in the R? value of correlations.

Also, the two other statistical parameters including AIC and PI, used to assess the UCS estimation
performance, are compromised by grain size and anisotropy orientation. Coarse grain and multidirectional
anisotropy can generate big AIC and small PI values. For rocks with fine grain size or unidirectional anisotropy,
the data points of estimated UCS are clustered uniformly around the exact estimation line. The accuracy of
estimated UCS can be improved when the Brazilian test is performed on a rock with a single magnitude of
grain size or unidirectional anisotropy. The comparison study shows that using empirical formulas with different
properties of grain size or anisotropy can generate significant errors in estimated UCS.

It is recommended that the Brazilian test be conducted separately on the fine- or coarse-grained rock. The
coarse-grained rock must be with much care for predicting UCS via BTS. For highly anisotropic rock, BTS
from rocks with unidirectional anisotropy is highly advisable when estimating UCS. However, the Brazilian
test parallel to the anisotropy cannot be used to derive the correlation of UCS-BTS. The above findings can
offer guidance for the Brazilian test to estimate UCS in the design of rock engineering, which can improve the
accuracy of predicted UCS. However, this study only explored three anisotropy orientations and the critical
inclination of anisotropy that leads to no significant correlation of UCS-BTS remains understood. The effects of
other anisotropy inclinations on the correlation between UCS and BTS are expected to be investigated in future
research.

Moreover, the proposed correlations can potentially be used to predict UCS through the Brazilian tensile
strength on rocks with the same lithology, but with much care of grain size or anisotropy. Also, the emphasis of
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Fig. 8. The relative errors of estimated UCS using the proposed equations of sandstones.

this study was placed on the variable of grain size or anisotropy rather than the lithology. Hence, the applicability

of this study can be extended to other heterogeneous rocks, such as limestone (with grain size variation) or shale
(with anisotropy). Overall, the results can provide guidance for using the BTS to estimate UCS in evaluating the

stability and service life of civil structures.
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