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Abstract This paper sheds further light on the funda-

mental relationships between simple methods, rock

strength, and brittleness of igneous rocks. In particular, the

relationship between mechanical (point load strength index

Is(50) and brittleness value S20), basic physical (dry density

and porosity), and dynamic properties (P-wave velocity

and Schmidt rebound values) for a wide range of Iranian

igneous rocks is investigated. First, 30 statistical models

(including simple and multiple linear regression analyses)

were built to identify the relationships between mechanical

properties and simple methods. The results imply that rocks

with different Schmidt hardness (SH) rebound values have

different physicomechanical properties or relations. Sec-

ond, using these results, it was proved that dry density,

P-wave velocity, and SH rebound value provide a fine

complement to mechanical properties classification of rock

materials. Further, a detailed investigation was conducted

on the relationships between mechanical and simple tests,

which are established with limited ranges of P-wave

velocity and dry density. The results show that

strength values decrease with the SH rebound value. In

addition, there is a systematic trend between dry density,

P-wave velocity, rebound hardness, and brittleness value of

the studied rocks, and rocks with medium hardness have a

higher brittleness value. Finally, a strength classification

chart and a brittleness classification table are presented,

providing reliable and low-cost methods for the classifi-

cation of igneous rocks.

Keywords Rock mechanics � Strength � Brittleness �
Hardness � Igneous rocks � Classification

List of symbols

q Dry density

/ Porosity

Vp P-wave velocity

RN Schmidt rebound number

S20 Brittleness value

Is(50) Point load strength index

M P-wave modulus

rzz Axial stress

ezz Axial strain

H Hardness

e Strain

MVRH Voigt–Reuss–Hill average

MV Voigt upper bound effective elastic modulus

MR Reuss lower bound effective elastic modulus

f Volume fraction

MRk Rock effective P-wave modulus

rmax Maximum stress

1 Introduction

Estimation/classification of mechanical properties of rocks

plays a key role in the design in any rock engineering

project. Strength and brittleness characteristics are two

important geotechnical parameters used in rock engineer-

ing projects such as tunneling and underground openings,

dam foundations, drilling, and slope stability analysis.

Intact rock material strength is classified based on uni-

axial compressive strength (UCS) or point load index test

results (Bieniawski 1989; Ghosh and Srivastava 1991). The

point load test is an attractive alternative to the UCS
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because it can provide similar data at a lower cost (Gurocak

et al. 2012). Moreover, the point load strength index cor-

relates closely with uniaxial tensile and compressive

strengths and can be used to predict other strength

parameters (Reichmuth 1968; Broch and Franklin 1972;

ISRM 1985; Hawkins 1998; Lashkaripour 2002; Palchik

and Hatzor 2004; Heidari et al. 2012; Kohno and Maeda

2012; Li and Wong 2013).

So far, no internationally accepted norm has been

proposed for measurement and determination of the rock

brittleness. There are some definition of brittleness for

different purposes (Ramsey 1967; Obert and Duvall

1967; Andreev 1995), and various methods for determi-

nation of rock brittleness (Protodyakonov 1963; Hunka

and Das 1974; Lawn and Marshall 1979; Quinn and

Quinn 1997; Blindheim and Bruland 1998; Yagiz

2002, 2009a; Copur et al. 2003) can be found in the

literature (Altindag 2010; Dursun and Gokay 2016).

Brittleness characteristics of rocks substantiality affect

their mechanical performance, drillability, cuttability, and

machine performance. Some research studies were per-

formed to investigate the relationship between brittleness,

cuttability, and penetrability of different rocks (Singh

1986; Kahraman et al. 2003; Hajiabdolmajid and Kaiser

2003; Gong and Zhao 2007; Altindag 2010; Yarali and

Kahraman 2011; Dursun and Gokay 2016). Brittleness

test was developed in Sweden by von Matern and Hjel-

mer (1943). The original test was aimed to determine the

strength properties of aggregates, but several modified

versions of the test have later been developed for various

purposes (Dahl et al. 2012). In this study, the version S20
of brittleness test, developed for the determination of

rock drillability, is employed for brittleness classification

of Iranian igneous rocks.

Careful sample preparation for precise determination of

rock strength parameters as well as brittleness value in the

laboratory can be tedious, costly, and time-consuming and

involve destructive tests. However, relations between the

simple methods (density, porosity, P-wave velocity, and

hardness tests) and the brittleness have not been investi-

gated in detail yet probably due to the lack of a stan-

dardized universal measurement method exactly defining

or measuring the rock brittleness. In contrast, there are

various studies in the literature proposing empirical cor-

relations between strength properties and simple methods

of different rocks (Deere and Miller 1966; Inoue and

Ohomi 1981; Shorey et al. 1984; Katz et al. 2000;

Kahraman 2001; Kilic and Teymen 2008; Sharma and

Singh 2008; Yagiz 2009b; Khandelwal and Ranjith 2010;

Gupta and Sharma 2012). Although a variety of empirical

equations have been reported from these studies, it is

inconclusive yet to develop empirical equations for dif-

ferent rocks. Moreover, the empirical equations often

have a very low accuracy of estimation and suffer from

insufficient generalization ability (Liu et al. 2014). There

are two main explanations for this behavior: (1) the dif-

ferences in regional tectonic setups, the genesis of the

rocks and environmental conditions such as temperature

and hydrothermal solution that cause different degrees of

alteration and weathering and (2) using only a single

factor during the modeling process. Most problems in

mining and geology involve complex and interacting

forces, which are impossible to isolate and study sepa-

rately (Davis 1973). Mechanical properties of rocks might

be affected by multiple factors such as hardness, tough-

ness, density, porosity, fractures and discontinuities,

weathering and alterations, and mineral composition and

texture features. Hence, for a reliable and robust classi-

fication/prediction of rock strength parameters, a reason-

able combination of given parameters is required.

Recently, multivariate regression models and artificial

intelligence-based models such as artificial neural net-

work, fuzzy logic, and genetic algorithm are employed by

some researchers for rock strength prediction from simple

methods (Karakus and Tutmez 2006; Gurocak et al. 2012;

Monjezi et al. 2012; Rabbani et al. 2012; Rezaei et al.

2012; Yagiz et al. 2012; Beiki et al. 2013; Minaeian and

Ahangari 2013). The results provided by such works are

more satisfactory compared to those of simple regression

analysis. However, computational intelligence techniques

also have some limitations such as the local minimum

problem, inappropriately high number of parameters, and

inefficient learning in practice. Furthermore, the results of

these methods are difficult to be explained physically

since they are incapable of revealing the mechanisms

between the input parameters and the targets (Liu et al.

2014). As a conclusion, to understand relations between

various physicomechanical properties and classify rocks

from different regions, an extensive study is required to

be conducted.

In this study, detailed investigations of the effects of dry

density, porosity, P-wave velocity, and Schmidt rebound

number to rock strength and brittleness are carried out. By

now, there is limited knowledge of the effect of physical

and dynamic characteristics on the brittleness of rocks. The

aim of this study is to analyze the fundamental relation-

ships between simple parameters and strength and brittle-

ness of igneous rocks and present the methods applied for

fast classification of such rocks. By these models, the

brittleness and strength are classified using the parameters

obtained from simple methods. These models can be used

for initial cost analysis and project planning as a decision-

making index. The major difference between this study and

the previous works is that the strength and brittleness of

rocks are predicted using classification methods presented

in this work.
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2 Experimental Material

A total of 44 various types of igneous rocks were sampled

in 15 different locations in Iran based on a preliminary desk

study as well as the macroscopic structure and visible

features of the selected rocks. Then, considering sampling

location and microscopic analysis, the samples were sep-

arated into 28 rock groups for further investigations. The

sampling locations of the rocks are shown in Fig. 1. A wide

range of igneous rocks (plutonic and extrusive) are exam-

ined in this study. The majority of the plutonic rocks were

felsic (granitoid) and some intermediate to mafic rocks

(gabbro and diorite), while the extrusive rocks mostly

involve andesite and basalt. Modal analysis of the studied

rocks is presented in Table 1. According to Anon (1995),

all samples were unweathered or slightly weathered.

Blocks were carefully checked to ensure they are homo-

geneous and free from visible weaknesses.

3 Physicomechanical Tests

Each block sample was drilled or cut to obtain cylindrical

cores or blocky specimens to inspect the physical,

dynamic, and mechanical properties. Also, thin sections

were prepared from each rock sample for petrographic

analysis. Various standard test procedures were carried out

to determine properties of the studied rocks. The basic

physical properties of the rock samples including density

and porosity were measured according to ISRM (1981).

The P-wave velocity was determined using a portable ul-

trasonic nondestructive digital indicating tester (PUNDIT)

according to ISRM (2007). Rebound hardness values of the

rock samples were determined according to the procedure

suggested by the ISRM (Aydin 2009) using an N-type

Proceq Schmidt hammer on blocky samples. To do so, the

hammer was held vertically downward and at right angles

to the horizontal rock faces. Brittleness value tests were

conducted following the procedure suggested by (Dahl

2003). Point load strength test was performed on blocky or

core samples (axial test) according to ISRM (1985). The

results are shown in Table 2.

4 Statistical Analyses

This study aims to analyze the relationships between sim-

ple parameters and strength and brittleness of igneous

rocks and present the methods applied for fast classification

of such rocks. In order to describe the relationships

between point load strength index Is(50) as well as brittle-

ness value S20 and simple tests such as dry density (q),
porosity (/), P-wave velocity (Vp) and Schmidt rebound

number (RN) of the tested rocks, mainly two statistical

models, namely simple linear regression model and mul-

tiple regression models, were applied with a 95 % confi-

dence level.

4.1 Simple Linear Regression Models

Concerning the relations between the dependent and

independent variables, first of all, simple linear regression

analyses were carried out by considering linear functions

(models 1–4). The results of the regression analyses are

given in Table 3. In table and Figs. 2 and 3, meaningful

correlations were found between P-wave velocity and dry

density with both strength and brittleness of the rocks. As

shown in Figs. 2 and 3, in each case, the best-fitted relation

was represented by the linear regression curves. In addi-

tion, as shown in Figs. 2d and 3d, no correlation can be

established between rebound values and both point load

strength indices and brittleness values. However, it can be

clearly seen that if SH rebound values are classified, then

correlations will provide more satisfactory results. Based

on this observation, the obtained data were sorted and

(according to rebound values) classified into seven rock

hardness classes (Table 4). The relations between point

load strength index Is(50) and brittleness value S20 with

simple tests for each hardness class are illustrated in Figs. 4

and 5, respectively. As shown in Figs. 2d, 3d, 4 and 5, for

each case, the best-fitted relation between dependent and

independent variables for all hardness classes was obtained

by the linear regression curves (Table 5). Then, once again,

simple regression analysis between mechanical and simple

method tests was carried out for each hardness class. The

results of correlations between the measured and predictedFig. 1 Location map of the rock samples
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Table 1 Modal analysis and rock names of the studied rocks

Rock

code

Qtz

(%)

Pl

(%)

Afs

(%)

Bt

(%)

Ms

(%)

Am

(%)

Chl

(%)

Cpx

(%)

Opx

(%)

Ol

(%)

Grt

(%)

OM

(%)

Ep

(%)

Gl

(%)

AM\ 1 % Rock namea

R1 28 35 20 17 – – – – – – – – – – Zrn Micro-

monzogranite

R2 38 24 28 3 7 – – – – – – – – – – Monzogranite

R3 31 21 34 4 9 – 1 – – – – – – – – Monzogranite

R4 – 41 – – – 5 – 8 5 – 2 2 1 36 – Hyalo-basaltic

andesite

R5 32 34 27 4 – 2 – – – – – 1 – – – Monzogranite

R6 – 47 – – – 4 – 19 5 9 – 13 3 – – Basalt

R7(a) 38 24 27 9 – 1 1 – – – – – – – Zrn Monzogranite

R7(b) 39 19 33 5 – 2 2 – – – – – – – Zrn Monzogranite

R7(c) 35 23 34 7 – – 1 – – – – – – – – Monzogranite

R8(a) 39 22 30 7 – 1 1 – – – – – – – Zrn Monzogranite

R8(b) 31 13 47 6 – 1 2 – – – – – – – Zrn Syenogranite

R8(c) 43 12 40 3 – 1 1 – – – – – – – – Syenogranite

R8(d) 35 26 33 4 – 1 1 – – – – – – – Zrn Monzogranite

R9(a) 46 14 36 2 – 1 1 – – – – – – – Zrn Syenogranite

R9(b) 39 16 40 2 – 1 2 – – – – – – – Zrn Syenogranite

R9(c) 39 13 44 2 – – 2 – – – – – – – Zrn Syenogranite

R10 26 17 48 6 – – 1 – – – – – 2 – – Syenogranite

R11(a) 13 35 7 8 – 3 – – – – – 3 – 31 – Hyalo-dacite

R11(b) 13 34 8 10 – 2 – – – – – 3 – 30 – Hyalo-dacite

R11(c) 11 32 7 9 – 3 – – – – – 3 – 35 – Hyalo-dacite

R12 29 38 22 4 – 3 2 – – – 1 1 – – – Monzogranite

R13 14 46 16 – – 12 9 – – – – 3 – – Zrn Quartz

monzodiorite

R14 12 59 3 – – 7 9 4 – – – 6 – – – Andesite

R15(a) 1 63 1 4 – 22 4 – – – 1 4 – – Spn Diorite

R15(b) 1 64 1 2 – 24 2 – – – 1 5 – – Spn Diorite

R16 4 63 6 – – 14 8 – – – – 5 – – – Andesite

R17(a) 33 29 31 4 – – 3 – – – – – – – – Monzogranite

R17(b) 25 28 38 5 – – 4 – – – – – – – – Monzogranite

R18 – 48 – 4 – 3 – 16 6 – 9 6 8 – – Gabbro

R19 – 36 – 5 – 7 – 18 11 14 – 2 7 – – Gabbro

R20 – 57 2 4 – 6 – – 11 8 1 5 6 – Zrn Diorite

R21(a) – 57 2 4 – 5 – 13 3 8 – 4 4 – – Diorite

R21(b) – 59 4 4 – 2 – 13 3 6 2 4 3 – – Diorite

R22(a) 14 31 39 1 – 12 – – – – – 3 – – – Quartz

monzonite

R22(b) 12 35 43 1 – 6 – – – – – 3 – – – Quartz

monzonite

R23(a) 8 39 43 1 – 7 – – – – – 2 – – – Quartz

monzonite

R23(b) 6 41 45 1 – 5 – – – – – 2 – – – Quartz

monzonite

R24 12 24 56 2 – 4 – – – – – 2 – – – Quartz syenite

R25 3 69 7 4 – 14 – – – – – 3 – – – Andesite

R26(a) 23 45 19 5 – 4 2 – – – – 2 – – Spn Granodiorite

R26(b) 31 36 19 6 – 5 – – – – 3 – – Spn Granodiorite

R26(c) 26 41 20 6 – 4 1 – – – – 2 – – Spn Granodiorite
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values, based on hardness classification and simple

regression analysis (models 5–8), are given in Table 6.

As shown in Tables 3 and 6, only model 4 fails to reject

the null hypothesis at the default a = 0.05 significance

level and the other relationships are statistically significant.

To control the performance of the equations obtained from

proposed models, the root-mean-square error (RMSE) was

calculated for each model from the following formula:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

X

N

i¼1

yi � y0
i

� �

v

u

u

t ð2:1Þ

where y and y0 are, respectively, the measured and pre-

dicted values and N is the number of samples. If the R

squared is 1 and RMSE is 0, the model proposed would be

excellent. Also, the Pearson’s correlation coefficient (R) is

calculated using the following equation:

Rxy ¼
covðx; yÞ

sxsy
ð2:2Þ

where to find the correlation between the variables,

covariance is divided by the standard deviation values for

each simple regression model.

4.2 Multiple Linear Regression Analysis

Mechanical properties of rocks such as strength and brit-

tleness are affected by multiple factors such as hardness,

toughness, density, porosity, fractures and discontinuities,

weathering and alterations, mineral composition, and tex-

ture features. Rock brittleness is a combination of rock

properties rather than a single parameter (Dursun and

Gokay 2016). The brittleness value S20 is influenced not

only by the mineralogical composition of the rock, grain

size, and grain binding, but also, to a great extent, by the

degree of weathering/alteration, micro-fracturing, and

foliation (Dahl et al. 2012). Naturally, all factors cannot be

included in a simple test. But, if more variables are

incorporated in mechanical properties prediction of rock

materials, more reliable results would be achieved.

In this study, 22 different multiple linear regression

models were applied to correlate the dependent and

independent variables. Eleven different compositions

(Table 7) of the simple tests were employed to understand

which model (no. 9–19) is suitable for strength and brit-

tleness classification of igneous rocks. Table 8 presents the

results of multiple regression models (no. 20–30) between

the measured and predicted values after hardness classifi-

cation. As shown in Tables 6 and 8, it is obvious that in

both simple and multiple linear regression models, corre-

lations mostly have a significant improvement in compar-

ison with those shown in Tables 3 and 7. From the results,

it might be concluded that there are meaningful relation-

ships between hardness and mechanical properties of rocks.

In other words, rocks with different hardness values have

different physicomechanical properties.

The influence of each parameter can be found by com-

paring the statistical parameters of models together. As

shown in Table 8, among the predictive models with two

independent variables (models 20–25), model 21 is the best

one for prediction of both point load strength index and

brittleness value. Between predictive models with three

independent variables (models 26–29), models 26 and 28

are the best ones for prediction of both Is(50) and S20. In

Table 8, compared to the best models with three dependent

variables, model 30 which applies all simple test parame-

ters as independent variables does not show any further

improvement. On the basis of this statistical research, it can

be concluded that integration of simple tests and SH

rebound value classification has shown good performance

and accuracy to mechanical properties prediction of

igneous rocks.

In this study, to check the validation of the statistical

models, the measured mechanical properties were plotted

versus the predicted mechanical properties from most

beneficial models (Fig. 7). As shown in Fig. 7a–f, the

points are distributed nearly uniformly around the diagonal

line that proved the validity of proposed models. Moreover,

the boxes showing the classification ranges of the

mechanical properties are given in these figures, such

boxes could show performance of these models for the task

of rock classification. It is notable that, based on Is(50)
classification ranges given by Bieniawski (1984), the point

load strength results of the studied igneous rocks grouped

Table 1 continued

Rock

code

Qtz

(%)

Pl

(%)

Afs

(%)

Bt

(%)

Ms

(%)

Am

(%)

Chl

(%)

Cpx

(%)

Opx

(%)

Ol

(%)

Grt

(%)

OM

(%)

Ep

(%)

Gl

(%)

AM\ 1 % Rock namea

R27 29 45 9 7 – 6 2 – – – 1 1 – – Spn Granodiorite

R28 – 59 – 8 – 5 – 12 4 – – 2 6 4 – Micro-gabbro

Qtz—quartz, Pl—plagioclase, Afs—alkali feldspar, Bt—biotite, Ms—muscovite, Am—amphibole, Chl—chlorite, Cpx—clinopyroxene, Opx—

orthopyroxene, Ol—olivine, Grt—garnet, OM—opaque minerals, Ep—epidote, Gl—glass, AM—accessory minerals, Zrn—zircon, Spn—sphene
a According to optical microscopy studies (Streckeisen 1976)
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Table 2 Characteristics of the studied rocks

Rock code Dry density

(g/cm3)

Porosity

(%)

P-wave velocity

(m/s)

SH rebound value

(RN)

Brittleness value

S20 (%)

Point load strength

index Is(50) (MPa)

R1 2.72 1.13 4841 59.9 40.02 6.14

R2 2.63 1.01 4451 60.3 50.8 6.72

R3 2.62 1.25 4301 54.2 48.31 5.63

R4 2.65 0.65 5715 56.5 52.55 9.78

R5 2.64 1.40 5406 63.5 43.69 7.77

R6 2.91 0.89 6193 55.7 31.55 14.64

R7(a) 2.64 0.65 5360 59.4 53.6 8.41

R7(b) 2.62 1.00 5180 56.4 47.7 7.52

R7(c) 2.61 0.97 4787 58.6 53.5 7.23

R8(a) 2.63 0.89 4783 50.70 53.6 7.74

R8(b) 2.63 1.01 5252 55.10 48.4 7.23

R8(c) 2.62 0.73 5106 56.10 55.2 8.05

R8(d) 2.60 0.82 5116 54.00 48.9 7.57

R9(a) 2.61 0.93 5269 52.50 47.5 9.54

R9(b) 2.63 0.85 5198 57.60 50.0 7.81

R9(c) 2.61 0.74 5120 60.40 49.5 8.71

R10 2.69 0.76 5136 62.3 40.66 5.49

R11(a) 2.58 1.86 5563 56.00 41.6 9.89

R11(b) 2.59 2.08 5388 48.10 41.0 11.71

R11(c) 2.60 1.79 5103 57.00 42.9 9.12

R12 2.64 1.49 4115 51 49.3 7.78

R13 2.72 2.76 4394 47 44.82 8.36

R14 2.75 0.57 6156 49 27.95 12.29

R15(a) 2.89 0.64 5716 49.20 34.4 11.22

R15(b) 2.89 0.71 5128 48.50 36.9 12.64

R16 2.69 1.26 5825 59.4 33.4 8.69

R17(a) 2.63 1.08 4598 55.90 49.2 7.20

R17(b) 2.62 1.55 4513 54.10 56.9 6.62

R18 2.98 0.55 6182 57.2 33.81 11.41

R19 3.14 0.18 7239 63.5 33.85 12.29

R20 2.83 0.18 6365 65.2 32.53 11.08

R21(a) 2.77 0.23 6185 62.0 26.33 11.57

R21(b) 2.79 0.29 6500 63.1 31.18 10.16

R22(a) 2.61 2.21 5328 61.70 42.2 6.59

R22(b) 2.55 2.40 5165 60.60 45.7 7.41

R23(a) 2.64 1.22 5082 56.2 42.3 8.52

R23(b) 2.62 1.70 5189 57.6 43.8 7.86

R24 2.56 3.57 4531 41.4 53.31 5.59

R25 2.64 0.74 5783 63.7 46.3 10.49

R26(a) 2.67 0.92 4248 59.8 54.0 7.44

R26(b) 2.65 1.12 4406 52.2 55.2 7.91

R26(c) 2.65 1.17 4178 57.5 57.7 6.46

R27 2.65 1.19 5367 63.4 47.56 6.07

R28 2.89 0.29 6491 58 27.65 10.68
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only into the ‘‘high’’ and ‘‘very high’’ strength classes. In

this study, based on the statistical distribution of the point

load strength index Is(50) values and the background of the

authors, four categories of strength are proposed (Fig. 6a).

These new categories are more accurate for classification

of hard (stronger) rocks. Furthermore, it is more appro-

priate for validation of results from this study. According to

the proposed strength classification for hard rocks, the

studied rocks are assigned to one of the following four

classes: class MH—moderately high strength, for point

load strength index between 5.00 and 7.49 MPa, class H—

high strength (7.50–9.99 MPa); class VH—very high

strength (10.00–11.99 MPa), and class EH—extremely

high strength (greater than 12.00 MPa). Classification of

brittleness value S20 given in Fig. 6b, which is based on the

study of Dahl et al. (2012), is according to the statistical

Table 3 Statistic parameters of simple linear regression between mechanical and simple test parameters

Model

no.

Dependent variable Independent variable Predictive model RMSE R R2 Adj.

R2
p value

1 Point load strength index

(MPa)

Dry density (g/cm3) Is(50) = 11.916 q - 23.337 1.63 0.67 0.45 0.44 0.000

2 Porosity (%) Is(50) = -1.336 / ? 10.207 2.00 -0.42 0.18 0.16 0.004

3 P-wave velocity (m/s) Is(50) = 0.0022 Vp - 3.096 1.51 0.73 0.53 0.52 0.000

4 SH rebound value

(RN)

Is(50) = -0.023

RN ? 10.007

2.20 -0.06 0.00 -0.02 0.721

1 Brittleness value S20 (%) Dry density (g/cm3) S20 = -47.92 q ? 173.11 6.39 -0.68 0.47 0.45 0.000

2 Porosity (%) S20 = 4.143 / ? 36.60 8.25 0.33 0.11 0.09 0.028

3 P-wave velocity (m/s) S20 = -0.0095

Vp ? 94.564

5.44 -0.78 0.61 0.60 0.000

4 SH rebound value

(RN)

S20 = -0.290 RN ? 60.699 8.61 -0.18 0.03 0.01 0.252

Fig. 2 Point load strength index Is(50) versus simple methods: a dry density, b porosity, c P-wave velocity, and d SH rebound value (RN)
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Fig. 3 Brittleness value S20 versus simple methods: a dry density, b porosity, c P-wave velocity, and d SH rebound value (RN)

Table 4 Rock hardness classes

Rock code SH rebound value

(RN)

Hardness

class

Rock code SH rebound

value (RN)

Hardness

class

Rock code SH rebound

value (RN)

Hardness

class

R24 41.4 1 R8(c) 56.10 4 R22(b) 60.60 6

R13 47 R23(a) 56.2 R22(a) 61.70

R11(b) 48.10 R7(b) 56.4 R21(a) 62.0

R15(b) 48.50 R4 56.5 R10 62.3

R14 49 R11(c) 57.00 R21(b) 63.1

R15(a) 49.20 2 R18 57.2 R27 63.4 7

R8(a) 50.70 R26(c) 57.5 R5 63.5

R12 51 R9(b) 57.60 R19 63.5

R26(b) 52.2 R23(b) 57.6 R25 63.7

R9(a) 52.50 R28 58 5 R20 65.2

R8(d) 54.00 3 R7(c) 58.6

R17(b) 54.10 R7(a) 59.4

R3 54.2 R16 59.4

R8(b) 55.10 R26(a) 59.8

R6 55.7 R1 59.9

R17(a) 55.90 R2 60.3

R11(a) 56.00 R9(c) 60.40
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Fig. 4 Point load strength

index Is(50) versus different

parameters for each hardness

class: a dry density, b porosity,

and c P-wave velocity
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Fig. 5 Brittleness value S20
versus different parameters for

each hardness class: a dry

density, b porosity, and c P-

wave velocity
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analysis of the extensive amount of recorded data in the

NTNU/SINTEF database of hard rock types. As shown in

Fig. 7, model 28 has a good performance for classification

of mechanical properties of the studied rocks based on

rebound hardness classes, dry density, and P-wave velocity

of the samples.

5 Discussion and Classification

According to the results of statistical models, classification

of rebound hardness as a dynamic property of the rock

materials is a prerequisite task for prediction of mechanical

behaviors of igneous rocks and considerably affects the

accuracy of the results. In this study, an investigation into

the role of rebound hardness on physical, mechanical, and

dynamic properties of igneous rocks is presented. For such

a purpose, contour diagrams interpolating the contour lines

of SH rebound values are used (Figs. 8, 9).

From the results of both simple and multiple linear

regression analyses, P-wave velocity was found as an effi-

cient supplementary to the rebound hardness classes for

prediction of both point load strength index and brittleness

values. In Figs. 8a and 9a, the relationship between above-

mentioned properties based on available data in this study

(the white stars) is illustrated. Figure 8a shows that there is a

systematic relationship between the P-wave velocity, SH

rebound value, and point load strength index; in addition, the

strength of samples with same P-wave velocity is separated

from each other based on their rebound values. For example,

the samples with the values of P-wave velocity ranging from

5000 to 5500 m/s have a wide range of point load index

between 5.5 and 12.6 MPa, but the strength of the samples

can be predicted with a high accuracy by considering the

rebound value level curves. However, as expected, some

inconsistencies are observed in Figs. 8a and 9a especially in

the case of brittleness value—P-wave velocity—SH rebound

value contour diagram.

Table 5 Equations between mechanical properties and simple tests for each hardness class

Dependent variable (y) Hardness

class

Independent variable (x)

Dry density (g/cm3) Porosity (%) P-wave velocity (m/s) SH rebound value (RN)

Point load strength

index (MPa)

1 y = 14.224x - 28.297 y = -2.181x ? 14.345 y = 0.0033x - 6.729 y = 0.912x - 32.585

2 y = 10.633x - 19.69 y = -3.553x ? 12.432 y = 0.0022x - 1.715 y = -0.575x ? 38.25

3 y = 22.677x - 51.84 y = -1.204x ? 9.852 y = 0.0042x - 12.916 y = 1.957x - 99.242

4 y = 8.908x - 15.271 y = -1.180x ? 9.773 y = 0.0024x - 4.210 y = -0.301x ? 25.647

5 y = 9.299x - 16.955 y = -3.408x ? 10.975 y = 0.0017x - 0.559 y = -0.992x ? 66.993

6 y = 16.802x - 36.809 y = -1.455x ? 9.962 y = 0.0036x - 12.013 y = 0.886x - 46.609

7 y = 8.648x - 14.509 y = -4.055x ? 12.53 y = 0.0028x - 7.62 y = 1.379x - 78.507

Brittleness value S20
(%)

1 y = -43.781x ? 159.04 y = 6.8437x ? 27.541 y = -0.0117x ? 100.57 y = -2.625x ? 163.65

2 y = -61.986x ? 214.31 y = 14.597x ? 33.241 y = -0.0099x ? 96.165 y = 4.424x - 178.16

3 y = -54.086x ? 190.07 y = 4.142x ? 41.397 y = -0.0102x ? 98.3 y = -5.461x ? 346.75

4 y = -39.388x ? 152.46 y = -2.318x ? 49.826 y = -0.0091x ? 94.598 y = -1.322x ? 122.55

5 y = -94.851x ? 299.87 y = 5.918x ? 40.135 y = -0.0113x ? 103.22 y = 5.879x - 304.34

6 y = -71.781x ? 229.69 y = 6.728x ? 29.278 y = -0.0115x ? 102.08 y = -5.694x ? 389.88

7 y = -26.67x ? 114.95 y = 10.661x ? 32.912 y = -0.0076x ? 86.869 y = -5.938x ? 419.98

Table 6 Results of statistical performance analysis of simple regression models based on hardness classification

Model no. Dependent variable Independent variable RMSE R R2 Adj. R2 p value

5 Point load strength index (MPa) Dry density (g/cm3) 1.42 0.76 0.58 0.57 0.000

6 Porosity (%) 1.59 0.69 0.48 0.47 0.000

7 P-wave velocity (m/s) 1.02 0.89 0.79 0.78 0.000

8 SH rebound value (RN) 1.69 0.64 0.41 0.40 0.000

5 Brittleness value S20 (%) Dry density (g/cm3) 4.93 0.83 0.68 0.67 0.000

6 Porosity (%) 6.65 0.65 0.42 0.41 0.000

7 P-wave velocity (m/s) 4.63 0.85 0.72 0.71 0.000

8 SH rebound value (RN) 6.45 0.68 0.46 0.44 0.000
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Considering the results shown in Table 8, for a more

accurate prediction of both strength and brittleness, a third

property is required. The effect of third property is illus-

trated in Figs. 8b, c and 9b, c. For example, there are two

discrepant regions in Fig. 8a: the first region is located

between 4200 and 4600 m/s values of P-wave velocity and

5.5–8.5 MPa values of point load index; the other falls

between 5700 and 6300 m/s values of P-wave velocity

where point load index of the samples is more than

8.5 MPa. As shown in Fig. 8b, in these regions point load

strength of the studied rocks can be predicted with a high

accuracy, if level curves of dry density will be taken into

account. As shown in Figs. 8, 9 and Table 8, among the

studied models, dry density, P-wave velocity, and SH

rebound value make a fine complement to prediction of

both point load strength index and brittleness value.

As presented in Fig. 8, with same values of P-wave

velocity, strength decreases with the increase in SH rebound

value. An explanation for this phenomenon might be the

elastic properties of the studied rocks. There are various

studies in the literature proposing empirical relationships

between strength and both static and dynamic elastic prop-

erties of different rock types (Deere and Miller 1966; King

1983; Lashkaripour 2002; Marinos and Tsiambaos 2010;

Najibi et al. 2015). Based on the theory of linear elasticity,

the compression modulus or P-wave modulus (M) is one of

the elastic moduli available to describe isotropic homoge-

neous materials. This modulus is defined as the ratio of axial

stress to axial strain in a uniaxial strain state:

rzz ¼ Mezz ð5:1Þ

where all the other strains are zero and M is expressed as:

M ¼ qV2
p ð5:2Þ

where q and VP are the density and P-wave velocity,

respectively. Combining Eqs. (5.1) and (5.2), the P-wave

velocity is stated as:

Vp ¼
ffiffiffiffiffiffiffiffi

rzz
qezz

r

ð5:3Þ

Note that the linear elasticity is a simplification of the

more general nonlinear theory of elasticity and is a branch

of continuum mechanics. In linear elasticity, the funda-

mental assumptions are small deformations (or strains) and

linear relationships between the components of stress and

strain, which are valid only for stress states that do not

produce yielding. In practice, linear elasticity theory is

applicable to a wide range of natural and engineering

materials and thus extensively used in structural analysis

and engineering design (Wang et al. 2015).

Table 7 Statistic parameters of multiple linear regression between mechanical and simple tests

Model no. Predictive model RMSE R2 Adj. R2 p value

9 Is(50) = 11.079 q - 0.279 / - 20.772 1.64 0.46 0.43 0.000

10 Is(50) = 5.913 q ? 0.0015 Vp - 15.333 1.43 0.59 0.57 0.000

11 Is(50) = 12.277 q - 0.062 RN - 20.783 1.62 0.48 0.45 0.000

12 Is(50) = -0.222 / ? 0.0021 Vp - 2.261 1.53 0.53 0.51 0.000

13 Is(50) = -1.787 / - 0.130 RN ? 18.098 1.92 0.26 0.22 0.002

14 Is(50) = 0.0027 Vp - 0.162 RN ? 3.659 1.30 0.66 0.64 0.000

15 Is(50) = 6.019 q ? 0.054 / ? 0.0016 Vp - 15.753 1.45 0.59 0.56 0.000

16 Is(50) = 10.453 q - 0.674 / - 0.097 RN - 13.158 1.60 0.50 0.46 0.000

17 Is(50) = 4.514 q ? 0.0021 Vp - 0.147 RN - 6.312 1.25 0.69 0.67 0.000

18 Is(50) = -0.736 / ? 0.0024 Vp - 0.192 RN ? 7.659 1.25 0.70 0.67 0.000

19 Is(50) = 3.203 q - 0.539 / ? 0.0021 Vp - 0.172 RN - 0.486 1.23 0.71 0.68 0.000

9 S20 = -49.727 q - 0.601 / ? 178.65 6.45 0.47 0.44 0.000

10 S20 = -19.906 q - 0.0072 Vp ? 135.76 5.19 0.66 0.64 0.000

11 S20 = -47.109 q - 0.140 RN ? 178.84 6.42 0.47 0.45 0.000

12 S20 = -1.148 / - 0.0101 Vp ? 98.871 5.46 0.62 0.60 0.000

13 S20 = 3.963 / - 0.052 RN ? 42.756 8.35 0.11 0.07 0.090

14 S20 = -0.0102 Vp ? 0.235 RN ? 84.738 5.38 0.63 0.61 0.000

15 S20 = -24.369 q - 2.267 / - 0.0078 Vp ? 153.5 5.08 0.68 0.65 0.000

16 S20 = -51.12 q - 1.4815 / - 0.216 RN ? 195.61 6.45 0.48 0.44 0.000

17 S20 = -18.242 q - 0.0079 Vp ? 0.1745 RN ? 125.03 5.18 0.67 0.64 0.000

18 S20 = -0.579 / - 0.0104 Vp ? 0.212 RN ? 87.886 5.44 0.63 0.60 0.000

19 S20 = -23.105 q - 2.001 / - 0.0080 Vp ? 0.078 RN ? 146.65 5.13 0.68 0.65 0.000
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Hardness is a complex property and dependent on duc-

tility, elasticity, plasticity, strain, strength, toughness, vis-

coelasticity, and viscosity (Martin 2011). The hardness of a

material is usually defined as its resistance to local plastic

deformations (Ohring 1992). In many cases, hardness is

defined by the type of test used to measure it. Hardness is

characterized in various forms, including scratch hardness,

indentation hardness, and rebound hardness. Rebound

hardness, also known as dynamic hardness, is related to

elasticity (Martin 2011). Defining hardness, H, as the

resistance to deformation (strain), there is an inverse ratio

between hardness and strain:

H / 1

e
ð5:4Þ

Table 8 Results of statistical performance analysis of multiple regression models based on hardness classification

Model no. Dependent variable Independent variables RMSE R2 Adj. R2 p value

20 Point load strength index Dry density - porosity 1.33 0.646 0.63 0.000

21 Dry density - P-wave velocity 0.94 0.821 0.81 0.000

22 Dry density - SH rebound value 1.30 0.662 0.65 0.000

23 Porosity - P-wave velocity 0.98 0.806 0.80 0.000

24 Porosity - SH rebound value 1.52 0.539 0.52 0.000

25 P-wave - SH rebound value 0.96 0.815 0.81 0.000

26 Dry density - porosity - P-wave velocity 0.94 0.827 0.81 0.000

27 Dry density - porosity - SH rebound value 1.28 0.678 0.65 0.000

28 Dry density - P-wave velocity - SH rebound value 0.91 0.838 0.83 0.000

29 Porosity - P-wave velocity - SH rebound value 0.96 0.820 0.81 0.000

30 Dry density - porosity - P-wave velocity - SH rebound value 0.92 0.839 0.82 0.000

20 Brittleness value S20 Dry density - porosity 4.89 0.690 0.68 0.000

21 Dry density - P-wave velocity 3.98 0.798 0.79 0.000

22 Dry density - SH rebound value 4.80 0.706 0.69 0.000

23 Porosity - P-wave velocity 4.63 0.726 0.71 0.000

24 Porosity - SH rebound value 6.25 0.502 0.48 0.000

25 P-wave velocity - SH rebound value 4.49 0.743 0.73 0.000

26 Dry density - porosity - P-Wave velocity 4.02 0.799 0.78 0.000

27 Dry density - porosity - SH rebound value 4.85 0.708 0.69 0.000

28 Dry density - P-wave velocity - SH rebound value 3.99 0.801 0.79 0.000

29 Porosity - P-Wave velocity - SH rebound value 4.54 0.743 0.72 0.000

30 Dry density - porosity - P-wave velocity - SH rebound value 4.02 0.803 0.78 0.000

Bold values indicate the strongest relation

Fig. 6 Classification ranges and statistical distribution of the point load strength index Is(50) values (a) and the brittleness values (S20) (b) of the
studied rocks
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Fig. 7 Graphs of the predicted Is(50) versus the measured Is(50) for the

best predictive models of point load strength index, the colored

borders refer to Is(50) classification ranges given by the study (a–c),

and the predicted S20 versus measured S20 graphs for the best

brittleness value predictive models, the colored borders refer to S20
classification ranges given by Dahl et al. (2012) (d–f)
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Fig. 8 Point load strength

index Is(50) versus P-wave

velocity contour maps:

interpolated contour lines of SH

rebound values (a), SH rebound

and dry density values (b) and
SH rebound and porosity values

(c) of the studied rocks (white

stars)
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Fig. 9 Brittleness value S(20)
versus P-wave velocity contour

maps: interpolated contour lines

of SH rebound values (a), SH
rebound and dry density values

(b) and SH rebound and

porosity values (c) of the
studied rocks (white stars)
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Consequently, if VP remains unchanged, from Eq. (5.3) at

identical values of density, stress has an inverse relation-

ship with hardness. Brady and Brown (2004) defined the

strength of rock as follows: ‘‘Strength, or peak strength, is

the maximum stress, usually averaged over a plane that the

rock can sustain under a given set of conditions.’’ Based on

this definition, the presented concepts and equations in this

section, and the experimental report from the study, with

same values of P-wave velocity and dry density, strength

(maximum stress that the rock can sustain) decreases with

the increase in rebound hardness.

It is worth mentioning that here the deformation of

isotropic homogeneous materials is taken into account.

Rocks usually are not homogeneous and made up of mul-

tiple components such as mineral grains and pore space.

Deformation of a single-phase polycrystalline material

(such as mineral and rock) can be treated in a similar way:

each single crystal with a different orientation can be

considered as a material with different mechanical prop-

erties (Karato 2008). For such materials, effective modulus

often called the Hill average (1952) is used. There is no

theoretical reason to justify this model, but it has been

frequently used for practical applications (Karato 2008).

The Voigt–Reuss–Hill average is used to estimate the

effective elastic moduli of a rock in terms of its con-

stituents and pore space (Mavko et al. 2009) as follows:

MVRH ¼ MV þMR

2
ð5:5Þ

where Voigt–Reuss–Hill average (MVRH) is simply the

arithmetic average of the isostrain or Voigt upper bound

effective elastic modulus (MV);

MV ¼
X

N

i¼1

fiMi ð5:6Þ

and the isostress or Reuss lower bound effective elastic

modulus (MR):

1

MR

¼
X

N

i¼1

fi

Mi

ð5:7Þ

the terms fi and Mi are, respectively, the volume fraction

and the modulus of the ith component of a mixture of

N material phases (minerals or crystals and pores in rock

materials). It is notable that MVRH decreases linearly with

porosity. Several authors have shown that the average of

these bounds can be a useful and sometimes accurate

estimate of rock properties (Mavko et al. 2009).

According to Eqs. (5.2), (5.5)–(5.7), if the effect of

Poisson’s ratio is neglected and rock is considered as an

isotropic material, based on the theory of linear elasticity,

the effective P-wave modulus of a rock (MRk) can be

written as follows:

MRk ¼
X

N

i¼1

fiqi V2
p

� �

i

 !

þ 1=
X

N

i¼1

fi

qi V2
p
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ð5:8Þ

Finally, combining Eqs. (5.1), (5.4), and (5.8) gives:

rmaxð Þzz/

PN
i¼1 fiqi V2

p

� �

i

� �

þ 1=
PN

i¼1
fi

qi V2
pð Þ

i

� �� �

2
PN

i¼1 fiHi

	 


ð5:9Þ

Therefore, in rock materials, the relationships among

strength, hardness, density, and P-wave velocity can exist in

each constituent. It is recalled that hardness is defined as the

resistance to plastic deformation, and at peak rock strength

point (maximum stress), rocks mainly have plastic behavior.

It can be derived from Eq. (5.9) that mineral composi-

tion and density are two key properties controlling the

mechanical and dynamic properties of rock materials.

According to Birch’s law (1961), seismic wave velocities

are the linear functions of density and the effect of a

chemical composition mainly through the mean atomic

weight. Thus, when P-wave velocity and density are con-

sidered, the mineral chemical composition would be taken

into account. From the theoretical concepts and experi-

mental studies, it might be concluded that density, P-wave

velocity, and rebound hardness make a fine complement to

mechanical properties classification of rock materials.

It has long been known that point load strength results can

be used for rock strength classification (Broch and Franklin

1972; Bieniawski 1984, 1989; Ghosh and Srivastava 1991).

From the results of this study, including laboratory tests

(Table 2) and experimental observations, regression analysis

(Tables 3, 6, 7, 8), classification accuracy between measured

and predicted values from the best models (Fig. 7), contour

diagrams (Fig. 8), and theoretical concepts, a chart was pre-

pared for strength classification of igneous rocks (Fig. 10).

Dry density, P-wave velocity, and Schmidt rebound number

of the samples are used as input parameters in the proposed

chart to classify the strength of the rock. As presented in

Fig. 10a, there are several dry density–P-wave velocity (DP)

boxes in the chart, which are constructed from 3 categories of

dry density and three categories ofP-wave velocity. In order to

strength classification using the chart, first of all, the related

DP box of the sample must be specified, and then, strength

class of intact rock is determined by corresponding hardness

class (Table 4) in selectedDPbox.As shown inFig. 10b, only

four samples, marked by bold borders, were misclassified

according to the proposed chart. Notice that the point load

strength index of three mentioned results, i.e., (R5), (R8(b)),

and (R9(a)) samples, is equal to 7.77, 7.23, and 9.54, respec-

tively, indicating small errors, and the other one (R25) is an
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extrusive rock. This inconsistency shows that more consid-

eration is required to deal with extrusive rocks, which have

more structural complexity.

About the rock brittleness, as shown in Fig. 11, rocks

with different hardness classes behave differently probably

because of the elastic properties of the studied rocks. There

Fig. 10 a Strength classification chart of igneous rocks using simple methods and b P-wave velocity versus dry density of the studied rocks for

different strength classes (color of the plotted samples) and SH rebound values (numbers inside the plotted samples) (color figure online)

Fig. 11 a P-wave velocity versus dry density of the studied rocks for

different brittleness classes (color of the plotted samples) and S20
values (numbers inside the plotted samples) and b P-wave velocity

versus dry density of the studied rocks for different hardness classes

(color of the plotted samples) and SH rebound values (numbers inside

the plotted samples) (color figure online)
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is a systematic trend between brittleness and corresponding

hardness classes of the samples in different DP boxes

(Fig. 11). For instance, as shown in the inset table of

Fig. 11a, in each DP box, samples classified into medium

hardness classes (3–5) have higher brittleness values.

However, presentation a quantitative classification

chart with respect to hardness needs more data from dif-

ferent rock types. Based on the dataset prepared in this

study, a table for brittleness value S20 classification of

igneous rocks based on P-wave velocity and dry density

was presented (Table 9). The rebound hardness, as a

qualitative parameter, can be used considering the inset

table of Fig. 11a. However, as mentioned by some authors,

brittleness is a complex property and is dependent on

various rock properties. It seems that one of the most

important properties affecting the brittleness of rocks is

petrographic characteristics such as grain size and texture

features. Therefore, for a more detailed classification of

brittleness, such characteristics must be taken into account.

As shown in Figs. 10 and 11, an igneous rock can be both

brittle and strong, but generally stronger rocks show a

lower brittleness.

6 Conclusions

Based on experimental observations, statistical models,

and theoretical concepts, we proposed a novel engi-

neering classification of the strength and brittleness of

igneous rocks. The proposed classification is based on

the integration of three simple parameters including dry

density, P-wave velocity, and SH rebound value and is

designed to allow a rapid assessment of the engineering

properties of igneous rocks. The proposed methods

provide reliable and inexpensive procedures for strength

and brittleness classification of igneous rocks. The

classification could (in many cases) help avoid time-

consuming and tedious test methods. Furthermore, sub-

sequent research could efficiently integrate the presented

strength classification chart with rock mass classification

systems for the task of rock mass classification. Overall,

based on the results of this study, the following con-

clusions may be reached:

1. The results from statistical models demonstrate that

rocks with different hardness values have different

physicomechanical properties or relations. In addition,

classification of rebound hardness as a dynamic

property of the rock materials is a prerequisite task

for prediction of mechanical behaviors of igneous

rocks.

2. Based on the results from statistical models and

theoretical concepts, we conclude that dry density,

P-wave velocity, and SH rebound value provide a fine

complement to mechanical properties classification of

rock materials. Notably, such properties incorporate

the effect of elastic properties and mineral composition

of rock materials.

3. With limited ranges of P-wave velocity and dry

density, strength decreases with an increase in SH

rebound value.

4. There is a systematic trend between dry density,

P-wave velocity, rebound hardness, and brittleness

value of the studied rock, and rocks with medium

hardness have higher brittleness values.

Further research is necessary to check the validity of the

presented classifications for other rock types. In addition,

the effect of petrographic features on the developed clas-

sifications must be investigated. Finally, it is recommended

to classify other rock strength parameters such as UCS and

Brazilian tensile strength using the presented strength

classification chart.
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