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Abstract 

The paper is focused on the advanced evaluation of fracture tests of selected rock specimens. Assessment of fracture response of 
chevron notch cylindrical specimens of Silesian granite subjected to three-point bending test was performed. The effective crack 
model is used and academic software chevroncylinder (author Petr Frantík) based on the finite element method is applied for the 
analyses. Based on the described procedures, estimation of maximum values of the effective fracture toughness are established 
and discussed. 
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1. Introduction 

It is more and more evident that the procedures suggested in the well-known and commonly used linear elastic 
fracture mechanics (LEFM) cannot be used when the typical large zone exists ahead of the crack tip (where more 
complex non-linear fracture processes occurs). Such a phenomenon is typical for elastic-plastic or quasi-brittle 
materials. Rocks generally exhibit quasi-brittle behavior, see for instance Bažant and Planas (1998) or Shah et al. 
(1995). Thus, non-linear fracture models involving the cohesive nature of the crack propagation are necessary when 
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the fracture response of the material is assessed, often the fracture energy and/or other softening parameters are 
utilized (Vavro et al. 2019). 

Fracture tests performed on rock material specimens exhibit several inconveniences that have to be dealt with. In 
this paper, the chevron bend (CB) specimen test was performed in order to estimate the range of the mode I fracture 
toughness. The CB test represents one of the methods used for testing the fracture properties of rocks (Ouchterlony 
1988). Nevertheless, because a fracture process zone arises in rocks ahead of the crack tip, the initial notch length a0 
seems not to be the enough representative parameter for evaluation of the fracture toughness. Therefore, a non-linear 
Effective Crack Model (ECM) is applied in this paper to estimate the maximum value of the fracture toughness 
involving a strongly non-linear fracture response of the rock. Calculations are carried out by means of the finite 
element method in the chevroncylinder academic software programmed in Java at the Brno University of 
Technology by Petr Frantík.  

2. Material under the study – Silesian granite from the Černá Voda-Nový lom quarry 

The petrographic description and basic physical and mechanical properties of so-called Silesian granite from the 
Černá Voda-Nový lom quarry (ca 10 km N from the city of Jeseník) is introduced in this chapter. This rock was 
represented by light grey to grey, medium-grained biotite granite, typical in holocrystalline, equigranular, 
hypautomorphic to panxenomorphic granitic texture and massive structure (Fig. 1).  
 

       
Fig. 1. Macroscopic and microscopic view of so-called Silesian granite from the Černá Voda-Nový lom quarry with well visible equigranular 
texture and massive structure (left – polished surface of tested rock specimen, right – polished thin section, transmitted light, crossed polarizers). 

Mineral composition of the granite is relatively simple, felsic rock components are formed by quartz, K-feldspars 
and plagioclase, biotite is the basic mafic mineral. Quartz grains (ca 30%) are xenomorphic in crystal shape and 
ocassionally show undulose extinction. The average size (Md) of quarz is 0.68 mm, maximal grain size (Mmax) 
achieves 0.75 mm. Alkali feldspars (ca 40%, Md = 0.69 mm, Mmax to 1.0 mm) are represented by xenomorphic, 
sometimes perthitic ortoclase and xenomorphic to hypautomorphic microcline. Plagioclase grains (ca 25%, Md = 
0.52 mm) are usually hypautomorphic and most frequently correspond to oligoclase. Intergrowths of plagioclase and 
quartz (myrmekite) are relatively frequent. Biotite comprise about 5% of the rock volume and occurs in the form of 
brown to red-brown hypidiomorphic flakes (Md = 0.38 mm, Mmax = 0.9 mm) with typical strong pleochroism and 
very rare chloritization. Accessory minerals include zircon, titanite, apatite, magnetite and rare allanite. Basic 
physical and mechanical properties of studied granite is presented in Table 1. 
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Table 1. Basic physical and mechanical properties of so-called Silesian granite from the Černá Voda-Nový lom quarry according 
to various authors (n.d. not determined). 

Property Rybařík (1994) Koutník et al. (2015) Vavro (2015) 

Specific (mineralogical) density [kg/m3] 2680 2650 2680 

Bulk density [kg/m3] 2610 2610 2620 

Total porosity [%] 1.0 1.5 2.5 

Water absorption capacity by weight [%] 0.54 0.41 0.31 

Uniaxial compressive strength (dry sample) [MPa] 170 240 185 

Flexural strength (dry sample) [MPa] 14.5 19.9 n.d. 

3. Methodology 

In this paper, the chevron bend (CB) specimen tests were performed in order to estimate the maximum value of 
the mode I fracture toughness of the Silesian granite by means of the Effective Crack Model (ECM). The CB test 
represents one of the methods (for short overview see e.g. Wei et al. 2017) used in rock mechanics for testing the 
fracture properties of rocks. Together with the short rod (SR) test, cracked chevron notched Brazilian disc (CCNBD) 
test and notched semi-circular bending (SCB) test, the CB test has been suggested by the International Society for 
Rock Mechanics (Ouchterlony 1988, Fowell 1995, Kuruppu et al. 2014). Following equation for calculation of the 
mode I fracture toughness (LEFM) in the CB test is applied (Ouchterlony 1988): 

𝐾𝐾𝐼𝐼𝐼𝐼 = 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚/𝐷𝐷1.5          where      𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 = [1.835 + 7.15 𝑚𝑚0
𝐷𝐷 + 9.85 (𝑚𝑚0𝐷𝐷 )

2
] 𝑆𝑆𝐷𝐷     (1) 

In Eq. 1, Fmax is the maximum load, D is the diameter of the specimen, S is the span between the supports and a0 
represents the length of the initial notch, see the schema in Fig. 2. 
 

                  
Fig. 2. Schema of the chevron notch test and its cross-section with the typical dimensions. 

Nevertheless, when this relation is utilized, the values of the fracture toughness obtained are underestimated in 
comparison to the real values. Therefore, a non-linear ECM is introduced in this paper to estimate the maximum 
value of fracture toughness. 

3.1. Effective Crack Model 

ECM is a non-linear model following the basic idea that the fracture toughness estimation relates to the length of 
the notch a0, see for instance Karihaloo (1995). Nevertheless, the fracture process zone changes the conditions ahead 
of the crack tip and it is spoken about the effective crack length that is responsible for the quasi-brittle fracture 
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behavior and can be used for calculation of the effective fracture toughness. The idea is based on the theory that the 
effective crack length represents such a crack length that would correspond to the same stiffness if the ideally linear 
elastic material was considered. 

3.2. Searching for the effective crack length via finite element method 

In order to be able to find the effective crack length, experiments on real specimens had to be carried out. Three 
granite specimens have been chosen for the study presented in this paper. From CB tests, load–displacements and/or 
load–CMOD (Crack Mouth Opening Displacement) curves have been obtained and the important values of the 
maximum loading force and corresponding CMOD can be together with basic dimensions of the specimens found in 
Tab. 2.  

Table 2. Basic dimensions of the Silesian granite specimens considered in this study. 

Parameter 11964/17 11964/19 11964/20 

Diameter of the cylinder, D [mm] 49.5 49.3 49.3 

Depth of the initial notch, a0 [mm] 7.12 6.95 7.30 

Span between the supports, S [mm] 163 163 163 

Maximum loading force, Fmax [N] 2531.3 2547.4 2565.7 

CMOD when Fmax occurs, CMODFmax [mm] 0.032035 0.027891 0.025517 

 
The data from the measurements have been used as inputs for finite element (FE) simulations when the bending 

of the chevron notch specimen has been modelled. From FE simulations, dependences between the loading force 
and the CMOD have been obtained for several crack lengths a, see Fig. 2. Then, the loading force obtained from FE 
simulations for a = 0 was replaced by the value Fmax obtained experimentally and similarly the other values of the 
loading forces were recalculated according to the same ratio for increasing crack. The value of the CMOD for the 
zero crack was calculated from the initial stiffness obtained from the load-displacement experimental curve. 
Additionally, the CMOD values for other crack lengths could be calculated from the same ratio between CMOD 
from FE simulations and CMOD from experiment.  

Thus, a new load–CMOD diagram was obtained taking into account the idea described at the beginning about the 
equality of the stiffness of the real quasi-brittle specimen with an initial notch a0 and a virtual ideally elastic 
specimen with an effective crack length aeff. To find the value of aeff, the intersection point between the recalculated 
load-CMOD diagram and the line representing the stiffness when the Fmax is reached in the experiment is found and 
the corresponding effective crack length is calculated from the CMODeff value, see Fig. 3. More details about the 
approach can be found for instance in Halfar (2018) or Halfar et al. (2018). 
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Fig. 3. Parts of F–CMOD diagram obtained for the granite specimen 11964/20 via the effective crack model: the intersection point brings the 

value of the CMODeff that can be recalculated to the aeff value. 

 
When the effective crack length is known, Eq. 1 for calculation of the maximum value of the fracture toughness 

can be applied in its modified form considering the effective crack length aeff as aeff = a0 + a: 

𝐾𝐾𝐼𝐼𝐼𝐼,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚,𝑒𝑒𝑒𝑒𝑒𝑒𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚/𝐷𝐷1.5          where      𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚,𝑒𝑒𝑒𝑒𝑒𝑒 = [1.835 + 7.15 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
𝐷𝐷 + 9.85 (𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝐷𝐷 )

2
] 𝑆𝑆𝐷𝐷    (2) 

4. Results and discussion 

Based on the combination of the experimental results and numerical simulations, the effective crack model was 
utilized to calculate the value of the effective fracture toughness that corresponds better to the non-linear fracture 
response observed on the Silesian granite and rocks generally. 

The results obtained can be seen in Tab. 3 together with several statistical values of the parameters calculated and 
it is proved that the effective fracture toughness calculated via the ECM exhibit much more higher values than the 
linear elastic fracture mechanics approach predicts. 

Table 3. Values of the effective crack length and effective fracture toughness obtained on the three specimens from Silesian granite. 

Parameter 11964/17 11964/19 11964/20 Arithmetic 
mean 

Standard 
deviation 

Depth of the initial notch, a0 [mm] 7.12 6.95 7.30 7.12 0.14 

Effective crack length, aeff [mm] 24.84 24.15 22.47 23.82 1.00 

Ratio aeff/a0 [%] 348.88 347.48 307.78 334.71 19.05 

Fracture toughness, KIC [MPa.m1/2] 2.32 2.34 2.41 2.36 0.04 

Effective fracture toughness, KIc,eff [MPa.m1/2] 5.98 5.93 5.53 5.81 0.20 

Ratio KIc,eff/KIc [%] 257.68 253.43 229.58 246.89 12.36 
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5. Conclusions 

The effective crack model (ECM) has been applied on three cylindrical specimens from Silesian granite that had 
been supplied by a chevron-type notch and loaded in three-point bending. The dimension of the real specimens as 
well as the load–CMOD curves measured during experiment have been used as inputs for finite element simulations. 
The non-linear ECM model enabled calculating of the maximum value of the effective fracture toughness and their 
comparison to the values of the classical fracture toughness obtained from purely elastic solution. It has been proved 
that when the non-linear ECM was applied on quasi-brittle materials (selected rock in the case of this paper), the 
more precise values of the fracture properties can be obtained contrary to the underestimated values of the fracture 
toughness calculated based on the classical linear elastic fracture mechanics. The aim of future works is to derive the 
appropriate function of geometry, which would allow determination of effective fracture toughness KIc,eff. 
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