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1. Introduction

From 1960s several attempts have been made to measuring the rock brittleness index Bl. Schwartz (1964)
using results of a series of triaxial tests on rock samples, stated that the rock’s behavior from frangibility to
ductility happens in 4.3 ratios of principal stresses. Altindag (2002; 2003) introduced a new method for
prediction of the BI by the division of the uniaxial compressive strength (UCS) of the rock to Brazilian tensile
strength (BTS). In the late 1960s punch penetration test (PPT) introduced by Handewith (1971) to measure
some physical properties of rock sample related to hardness and toughness of rock. Yagiz (2006) stated that
the PPT’s results for measuring the Bl have a very high correlation with TBM penetration rate. Although the
PPT has very delightful results, application of this test is very expensive and needs much time as well.

Since 2002, researchers have made some efforts to predict the BI results acquired by PPT. Yagiz (2009)
using 48 sets of 30 different tunnel rock’s PPT test data, introduced a new linear multivariable equation for
prediction of the BI. In that equation, 3 major rock’s physical properties as UCS, BTS and unit weight were used.
Also, Yagiz (2010) introduced a new nonlinear multivariable equation and improved the accuracy of prediction
from R2=0.88 to R?=0.89. As well Khandewal et al (2016) developed a new equation using Genetic Programming
(GP) based on Yagiz (2009) data with R?=0.90, but none of these equations include the type of rock as a major
factor that influences the BI. In the present study, the BI will be investigated by considering the rock type (or
texture) as an important parameter, and a new nonlinear multivariable equation will be introduced. As well
using a classification and regression tree (CART) a new attempt will be made to predict the PPT’s result for the
BL

2. Methodology

In this study, the published dataset by Yagiz (2009) is used. The data set includes 48 rows of 30 different
tunnel’s data that mostly excavated in the U.S.A and the Bl is acquired using punch penetration test (PPT).
Statistical description of used data set using SPSS statics are gathered into the Table and Fig. 1.

3. Results and discussion

3.1. Simple regression analyze

Yagiz (2010) performed some simple regression analyses including Exponential, Power and Logarithmic
regressions between the BI from punch penetration test and rock principal parameters; and stated that the
power regression has the highest correlation between other regression functions. In this study aside from the
power and exponential simple regressions, the Quadratic simple regression is performed using the Matlab
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software package; Results showed that the Quadratic function has the best correlation among the other
functions. As stated by Yagiz (2009) and regarding Fig. 2 the UCS and the BTS have a nonlinear relationship
with the BI, however, this relationship is through two data point that demonstrated in Fig. 2 which After
elimination of them (with UCS=315, 327 and the BTS=17.8, 17.2; rows 46 and 47 in Yagiz (2009) dataset) the
UCS and BTS shows linear relationship with the BI with the same coefficient of determination (R?). So, to if the
UCS and BTS have linear or nonlinear relationship with the BI, a bigger data set is needed.

Table. 1. The statistical descriptive of parameters that used in this study

Unit weight (KN/m3) UCS (MPa) BTS (MPa) BI (KN/mm)
Mean 25.433 123.880 7.641 27.237
Median 25.900 115.000 7.100 26.800
Std. Deviation 2.1633 70.7183 3.3518 9.5452
Range 8.4 317.5 15.5 35.0
Minimum 20.5 9.5 2.3 10.0
Maximum 28.9 327.0 17.8 45.0
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Fig. 1. The Box plot of the Brittleness index of used rocks
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Fig. 2. Quadratic regression between the UCS, BTS and Unit weight and the BI with a) R2=0.83 b) R2=0.53 c) R?=0.36
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3.2. Nonlinear Multivariable regression analyze

Yagiz (2009) using the UCS, BTS and Unit weight, introduced a linear multivariable equation for prediction
of the BI, also he (Yagiz, 2010) proposed a new nonlinear multivariable equation and improved the accuracy of
the prediction from R2=0.88 to R?=0.89. In the current study, an attempt has been made to propose a new
equation with higher accuracy. Moreover, it has been tried to engage the rock type into the equation using a
rock code. For each type of rock, a code from 1 to 3 is given (Table. 2) and then, based on the Quadratic equation,
a new multivariable equation is proposed, afterward, to solving and optimizing the equation, a Genetic
Algorithm (GA) is applied. Finally the Eq. (1) with an accuracy of R2=0.91 is achieved. Meanwhile, the first term
of this equation is the rock type.

BI = 1.733 X RT + 0.0334 Xy — 0.506 X y — 1.87E — 05 x UCS? + 0.2 X UCS — 0.0543 x BTS? — 0.964 x BTS + 1.9826 (1)
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Table. 2. Different codes that are usable in Eq. (1) for each rock
Rock Type Metamorphic Igneous Sedimentary
Code 1 2 3

3.3. Classification and regression tree (CART)

The classification and regression tree (CART) is one of the most popular techniques in data mining. This
technique among the other machine learning techniques and artificial intelligence methods is more
understandable, interpretable and practical. The CART includes a classification tree (CT) and a regression tree
(RT). In this study using the Matlab software package, the regression tree (RT) applied on the BI's data. The
generated model’s result shows the accuracy of R2=0.9433, that this approach has the highest correlation
between the actual measurements of the Bl and the predicted Bl. The RT’s interpretation is so simple, for
example to find the BI for the given rock’s properties as RT=1, UCS= 190, BTS=9.6 and y=26.2, after following
the branches (red lines on tree), the tree shows Bl= 31.26 (see Fig. 3) whereas the actual value is BI=30.1, so
the residual is negligible and the predicted value is acceptable.

XI=RT
X2=Gamma
Xi=UCS
X4=HBTS

224667

3B.225 3126

Fig. 3. The developed CART Regression tree to predict the Bl

4. Conclusion

In this study, using classification and regression tree (CART) and the nonlinear multivariable regression,
two popular techniques in the data mining, the Brittleness Index (BI) values that achieved using punch
penetration test (PPT) is predicted. Comparison between the gained results with the previous studies results
shows that the CART model with R2=0.94 is in the first rank of the all proposed methods. The nonlinear
multivariable equation that proposed in this study with R2=0.91 is in the second rank. Meanwhile, the
predictions consist the rock’s type as an important variable effect on the BI's result. However, due to the
shortage of data, the proposed models do not cover a wide range of different rocks.
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