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Abstract 

The analysis of a wide literature dataset of mechanical parameters related to intact rocks from more than 480 unconfined 

compression tests, coupled with new laboratory tests on 132 specimens, is proposed herein with the aim of analyzing the 

mechanical behavior of a great variety of rock types, mainly focusing on their crack initiation (sci) and crack damage 

(scd) stress levels. These thresholds can be employed as warning indicators for rock mass damage and breakouts and 

represent important input parameters for numerical models. International literature lacks in a detailed analysis on the 

mutual dependence existing between the main mechanical properties of intact rocks and their crack stress thresholds. In 

this paper, the study of the correlation between crack initiation-crack damage stress levels and the failure strength of 

sedimentary, metamorphic and igneous rocks is carried out through single and multiple regression approaches aimed at 

finding reliable prediction models, which can be useful when time-consuming laboratory experimental procedures need 

to be avoided. The correlation between predicted and measured values demonstrates that defined models represent a good 

tool for the empirical estimation of σci and σcd, and can be useful for preliminary engineering design dealing with stress-

induced brittle fracturing, especially when the definition of warning indicators for rock mass damage and breakouts is 

needed. In fact, it is known that underground instability mainly depends on the redistribution of stresses around the 

excavation, which can produce induced stress concentrations, resulting in sudden release of stored energy and causing 

stress-induced brittle failure phenomena.  

 

Keywords: brittle failure, crack initiation stress, crack damage stress, crack propagation, lateral strain response, 

regression analysis, uniaxial compressive strength 
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1 Introduction 

During underground excavations, damage and failures of the surrounding rock mass often give rise to stability problems 

that can affect the safety of the construction works. In case of highly stressed and massive rock volumes, where 

discontinuities do not play a significant role, underground instability mainly depends on the redistribution of stresses 

around the excavation. This can produce induced stress concentrations, which in turn may result in sudden release of 

stored energy, thus causing stress-induced brittle failure phenomena such as spalling, slabbing and bursting (Hoek et al. 

1995, Hoek and Brown 1997). For massive to moderately jointed rock masses, in-situ strength is expected to be as close 

as possible to the laboratory measured uniaxial compressive strength (sucs). However, in technical literature several cases 

of underground projects, along with in-situ experiments, showed that operational strength of rock masses can be 

significantly lower than the laboratory measured sucs, depending also on the local geological setting, which affects the 

rock mass mechanical attitude (Pelli et al. 1991; Martin 1997; Read et al. 1998;  Hajiabdolmajid and Kaiser 2003; 

Diederichs et al. 2004; Cai et al. 2004; Read 2004;  Rojat et al. 2009; Cai and Kaiser 2014;  Pappalardo 2015; Mineo et 

al., 2017).  

Over the last decades, the detailed analysis of the uniaxial compression stress-strain response has proved to be very useful 

in understanding the in-situ rock mass strength (Martin et al. 1999; Diederichs 2007; Andersson and Martin 2009; Martin 

and Christiansson 2009). Several researchers dealt with the detailed quantification of stress-induced brittle fracture 

damage in rock (Hoek and Bieniawski 1965; Brace et al. 1966; Wawersik and Fairhurst 1970; Lajtai 1974; Tapponnier 

and Brace 1976; Stacey 1981; Huang et al. 1993; Martin and Chandler 1994; Eberhardt et al. 1998; 1999a; Nicksiar and 

Martin 2012). Their studies suggested that crack initiation (sci) and crack damage (scd) stresses could be used as warning 

indicators for rock mass damage and breakouts (Damjanac and Fairhurst 2010). More recently, extensive studies 

examined sci and scd quantities in various intact rock types (i.e. rock with no joints or hair cracks, after Terzaghi, 1946) 

highlighting that some conflicting views still exist about the reliability of universal stress levels defining rock damage 

stages under uniaxial compression (Hidalgo and Nordlund 2013; Nicksiar and Martin 2013; Xue et al. 2014). As other 

mechanical properties of natural geomaterials, also sci and scd seem to be affected by a certain variability (Nicksiar and 

Martin 2014). At the microscale, rocks are heterogeneous media made up of mineral aggregates together with defects 

such as pores, cracks and grain boundaries that, overall, contribute in causing scattering and variability in their mechanical 

properties. It is well known that variability is unavoidable in soil and rock mechanical characterization and it can result 

from many sources of uncertainties (Phoon and Kulhawy 1999; Sari and Karpuz 2006; Prakoso and Kulhawy 2011; Bedi 

and Harrison 2013; Pappalardo et al. 2013; Pappalardo and Mineo 2016; Pepe et al. 2017). Furthermore, the methods 

proposed to establish the stress associated with crack development are usually time-consuming and require detailed 
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laboratory tests with accurate measure of strain, especially when sci has to be evaluated. Namely, precise procedures are 

required and, based on the adopted method, a certain degree of uncertainty and subjectivity is expected (Eberhardt et al. 

1998; Nicksiar and Martin 2012). International literature lacks in a detailed statistical analysis on the correlations between 

the main mechanical properties of intact rocks and their crack stress thresholds. Therefore, this paper aims at evaluating 

statistical models for predicting sci and scd from single and multiple regression analyses. To this purpose, an extensive 

dataset was compiled with the main mechanical parameters of 483 specimens of igneous, sedimentary and metamorphic 

rocks, retrieved from international literature. Collected data were statistically analysed to highlight their variability and 

to study the mutual dependence between their main mechanical parameters. In particular, single and multiple regression 

analyses were performed by taking into account available data and the most satisfactory trends were considered to 

extrapolate suitable equations to predict σci and σcd. Subsequently, achieved equations were validated through a 

comparison between predicted and measured values of 132 rock specimens properly tested herein through uniaxial 

compression tests. Measured crack stress thresholds and peak values were considered as a reference in order to establish 

the reliability of provided equations. 

  

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65



5 

 

2 Overview on intact rock deformation processes under compression 

 

2.1 Stress-induced brittle fracture damage  

 

According to the earlier researches on rock deformation processes, it is widely accepted that the stress-strain response 

under uniaxial compression can be split into five stages (Fig. 1): i) crack closure; ii) linear-elastic deformation; iii) crack 

initiation and stable crack growth, iv) crack damage and unstable crack growth; v) failure and post-failure behaviour. 

Experimental evidences demonstrated that the transition from one stage to the next can be identified by the following 

stress thresholds (Fig. 1): crack closure stress (scc), crack initiation stress (sci), crack damage stress (scd) and uniaxial 

compressive strength (sucs). During the initial step of the loading path, the closure of pre-existing voids occurs. As a 

result, the stress-strain response is non-linear showing an upward concave shape of the axial stain curve, reflecting a 

gradual increase in the axial stiffness. By further increasing the applied axial stress, the rock damage process is 

characterized by the onset of new cracks. Microscopic investigations on laboratory-fractured rock specimens showed that 

the new microcracks initiate at the ends of pre-existing flaws when the tensile strength of the material is exceeded (Hoek 

and Bieniawski 1965; Lajtai 1998; Perras and Diederichs 2014). Such microcracks are mostly oriented parallel to the 

applied load and their growth is considered a stable process, which means that fracture propagation is slow and can be 

stopped by controlling the applied load. Once developed, cracks grow both in size and quantity and begin to interact each 

other. Accordingly, damage propagation will continue and fractures coalescence occurs until the crack damage stress is 

attained. Beyond this critical point, cracks propagation cannot be controlled by the operator, thus becoming an unstable 

process. Eventually, when the peak strength is reached, the tested specimen will be affected by macroscopic failures 

generally aligned with the maximum principal stress.  

 

2.2 Crack stress thresholds detection 

 

Crack closure stress (scc) indicates the point where a linear elastic deformation takes place since the pre-existing defects 

can be considered all virtually closed (Fig. 1). Although it is generally accepted that the crack damage stress threshold 

can be detected at the point where the total volumetric strain (ev) reversal occurs, the evaluation of the crack initiation 

stress threshold has some critical aspects. A review of the procedures proposed in literature for the evaluation of the crack 

initiation stress was reported by Nicksiar and Martin (2012), who differentiated between volumetric and lateral strain 

methods (Fig. 2). The former can be further distinguished according to the volumetric strain adopted in establishing the 

onset of crack initiation. When the total volumetric strain is used (Fig. 2a), sci is localized where ev departs from linearity 
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(Brace et al. 1966; Bieniawski 1967). Conversely, Martin and Chandler (1994) suggested that a better indicator for crack 

initiation is the crack volumetric strain (ecr), which quantifies the increase in volumetric strain due to the opening of new 

cracks and can be calculated by subtracting the elastic volumetric strain (eel) from the total volumetric strain (Fig. 2b). As 

stated above, since under compressive loading cracks tend to develop perpendicular to the least principal stress, lateral 

strain is considered as one of the most sensitive strain in detecting the initiation of new cracks (Lajtai 1974; Stacey 1981). 

Consequently, several authors suggested to localize the onset of crack initiation either where lateral strain departs from 

linearity (Fig. 2c) or through the detection of changes in the ratio of the lateral strain to axial stress (Fig. 2d). Diederichs 

(2007) proposed that sci could be determined using a plot of the average tangent Poisson’s ratio versus the log of the axial 

stress (Fig. 2e). 

The greater amount of the proposed methodologies can suffer from user judgment, particularly if the tested specimen is 

affected by numerous pre-existing flaws. On the one hand, defects can influence the determination of the elastic 

parameters needed for the elastic volumetric strain assessment; on the other hand, they can cause a non-linear response 

of lateral strain for the entire test duration. Acoustic emission (AE) monitoring techniques were also coupled with strain 

monitoring to improve crack initiation (Fig. 2f) and damage stress levels recognition (Eberhardt et al. 1998). However, 

some difficulties can still affect the precise differentiation between background noise and acoustic events due to triggering 

of new microcracks. More recently, Nicksiar and Martin (2012) proposed a new procedure, called Lateral Strain Response 

(LSR) method, which removes the user judgment. This methodology (Fig. 3) relies on the assessment of the change in 

lateral strain (DLSR), which is defined as the difference between the recorded lateral strain and the linear lateral strain 

reference line. The reference line represents a theoretical linear lateral response between the zero stress and the point 

where unstable crack growth occurs. The crack initiation stress threshold is determined by plotting the change in lateral 

strain difference versus the axial stress and by fitting a polynomial equation to easily detect the stress associated with the 

maximum change in lateral strain. Such authors statistically demonstrated that the LSR method gives accurate results. 
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3 Materials and Methods 

 

3.1 Literature data 

 

A bibliographic dataset with results of 483 unconfined compression tests, carried out on intact rock specimens of 

sedimentary, igneous and metamorphic type, was compiled by means of an extensive research in literature (Table 1 and 

references therein). The attention was mainly focused on retrieving sucs, sci and scd values to be statistically treated, and 

intact rock stiffness properties (i.e. tangent Young’s modulus and Poisson’s ratio) when reported. 

Several rock types were taken into account, thus providing a well-assorted and representative dataset in terms of 

mechanical behaviour. In fact, considered rocks vary from weak to extremely strong materials and show different 

mechanical attitudes under compression, resulting in a wide range of sucs, sci and scd (Fig. 4). In particular, minimum and 

maximum sucs values are related to sedimentary and igneous specimens respectively, while intermediate values are found 

for metamorphic samples. Normalized values reveal that, on average, the onset of dilatancy occurs at about 46% of the 

peak strength, while unstable crack propagation stands around its 80%. This is a relevant aspect, highlighting that for 

about half of the available strength, rock specimens react to compression without being affected by cracking; on the other 

hand, crack damage is reached at the final stages of the test, thus controlling the failure pattern of the rock, which can be 

explained in terms of damage evolution and energy release (Pappalardo et al. 2016a). These preliminary considerations, 

in accordance with several studies carried out for rocks (e.g. Nicksiar and Martin 2013; Xue et al. 2014; Pepe et al. 2016) 

and for other classes of brittle materials (e.g. Contrafatto et al., 2016), support that sci/sucs and scd/sucs can be considered 

as intrinsic properties of rocks and could be used in rock engineering for predicting their failure processes. 

 

3.2 Testing procedure 

 

Besides the bibliographic dataset, new laboratory tests were carried out with the aim of both increasing the literature 

record and validating the prediction model presented in this paper. Experimental data were obtained from unconfined 

compression tests carried out on metamorphic and sedimentary intact rock specimens. In particular, metamorphic rock 

samples come from site investigation boreholes performed for a dam project in Ethiopia while sedimentary rocks were 

obtained from investigation cores drilled for some civil engineering projects in the Liguria Region (northwestern Italy). 

Cylindrical specimens were obtained from NQ (47.6 mm), HQ (63.5 mm) and PQ (85 mm) size cores. Specimens were 

carefully prepared according to the American Society for Testing Materials specification D4543-08 (ASTM 2001) in 

order to avoid both edge and size effects (Fig. 5). A length-diameter ratio (L/D) of 2.0 to2.3 was used to minimize the 
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shape effect (Thuro et al. 2001). Following ASTM requirements D2938-95 (ASTM 2001), unconfined compression tests 

were performed on 132 specimens in dry conditions using a servo-controlled testing machine (CONTROLS system with 

a stiff frame and a loading capacity of 3000 kN connected to the Advantest9 Computerised control console). The stiffness 

properties were evaluated conforming to the standard procedure ASTM D3148-96 (ASTM 2001).  Tangent Young’s 

module (Et50) was calculated as the slope of a tangent to the stress-axial strain curve at a stress level equal to 50% of 

maximum load, while Poisson’s ratio (nt50) as the ratio between the slope of lateral and axial strain curves at the same 

stress level. Crack initiation stress was evaluated adopting the Lateral Strain Response (LSR) method proposed by 

Nicksiar and Martin (2012). As stated before, the stress level scd associated with the unstable crack growth was determined 

as the reversal point of total volumetric strain curve. 

 

3.3 Experimental data 

 

Experimental dataset consists of the main mechanical parameters of the following six rock types, tested according to the 

previous section: meta-leucogranite, meta-granite, meta-syenogranite, meta-granodiorite, meta-monzonite and limestone 

(Fig. 5b). The number of specimens tested for each rock type is summarized in Table 2, while a detailed description of 

the mineralogical and textural features of the metamorphic rocks can be found in literature (Pepe et al. 2016, 2017). In 

summary, meta-leucogranite, meta-granite, meta-syenogranite and meta-granodiorite essentially show high content of 

quartz, K-feldspar and plagioclase (Table 2). Conversely, quartz content is generally low in meta-monzonite, which on 

average contains higher percentages of femic minerals. Tested specimens show fine to medium grain size, massive 

structure and texture from weakly foliated to foliated. Limestones normally show homogeneous and massive texture and 

are mainly made up of calcite with negligible quartz and muscovite crystal fragments but with more or less abundant 

microfossils (Pepe et al. 2015). On average, all the tested specimens showed a low weathering degree.  

The main experimental results are summarized in Table 3 and Figure 6, while the complete experimental dataset is given 

in Appendix A1. From the statistical point of view, sedimentary samples show narrower ranges if compared with 

metamorphic rocks. Average values of sucs and Et50 reveal that metamorphic rocks are both stronger and stiffer than 

sedimentary samples. Average and standard deviation values of sucs are 206.8 (±42.7) MPa and 121.4 (±28.6) MPa for 

metamorphic and sedimentary types, respectively. For metamorphic materials, Young's modulus is 59.9 (±8.2) GPa, while 

for sedimentary samples it is 41.0 (±13.5) GPa. According to the coefficient of variation, Et50 is far less variable in 

metamorphic rocks than in sedimentary ones. Conversely, it can be noted that the crack initiation and damage stress 

quantities exhibit similar degrees of variability among the two rock categories (Table 3). The coefficient of variation 

ranges from 24.9% to 26.0% for sci and from 21.8% to 22.7% for scd. The scatter is lower for the ratios sci/sucs and 
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scd/sucs. In fact, sci/sucs shows coefficient of variation varying between 15.2% and 16.3% while scd/sucs is in the range 

6.7-9.4% (Table 3). Compared with the above reported literature dataset, experimental data collection of σucs, σci and scd 

measurements used in this study is wider in terms of variety of rocks and number of specimens for each rock group. This 

aspect further strengthens the results of the statistical analysis commented herein.  

 

3.4 Statistical analysis 

With the aim of providing an alternative way to calculate σci and σcd stress thresholds, whose estimation in laboratory 

requires strict procedures as above stated, a statistical analysis has been carried out on the dataset summarized in Table 

1, through single and multiple regression approaches. 

In particular, single regressions with confidence and prediction limits of 95% were carried out between unconfined 

compressive strength (sucs), crack initiation stress (σci), crack damage stress (σcd), Young’s modulus (Et50) and Poisson’s 

ratio (νt50) by plotting variables against each other, in order to verify the possibility to predict one parameter from another. 

The equations of the best-fit curves and the coefficients of determination were calculated by the “least squares” method. 

Literature data were treated both as a single population, to obtain “general” prediction equations, and as different groups 

of rocks based on their origin process (i.e. igneous, metamorphic and sedimentary), to gain “particular” equations for each 

group of rocks. On the other hand, multiple regressions were aimed at achieving more specific equations to estimate crack 

initiation and damage stress quantities starting from two known variables. This kind of analysis is supported by correlation 

matrix and residual analysis, which prove the goodness of presented models.  

Subsequently, achieved equations were employed for the empirical assessment of crack initiation and damage stress levels 

of rocks belonging to the experimental dataset. Such predicted values were correlated to the correspondent measured ones 

in order to highlight any differences and to validate proposed equations. 
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4 Results 

4.1 Single regression analyses for general prediction equations 

By considering the bibliographic database, the most satisfactory correlations refer to sucs-σci and sucs-σcd (Fig. 7). In this 

case, two positive linear trends, with high coefficients of correlation (r ≥ 0.96) and determination (r2 ≥ 0.91), p-value 

<0.001 and narrow confidence and prediction limits, are obtained. Such results highlight the goodness of treated data and 

allow making interesting considerations. Firstly, crack initiation and damage stresses are strongly dependent on the rock 

failure strength. Overall, as the peak strength increases, the quantity of stress needed to onset crack initiation and unstable 

crack propagation increases. These observations are consistent with the findings of previous works (Brace et al. 1966; 

Nicksiar and Martin 2013; Xue et al. 2014) reporting that, despite the wide range of rock origin process and the orders of 

magnitude range in peak strength values, a linear correlation seems to exist between crack stress thresholds (σci and σcd) 

and sucs. Therefore, universal stress levels defining the initiation of stable and unstable crack growth under compression 

could be reasonably assumed. Secondly, since there is a strict connection between the intrinsic properties of the rock and 

its sucs (e.g. Hatzor and Palchik 1997; Přikryl 2001; 2006; Basu et al. 2009; Pappalardo and Mineo 2017), even σci and 

σcd are expected to be influenced by the rock structure and texture. By analyzing these correlations in detail, data scattering 

resulted a bit more evident for sucs-σci plot (Fig. 7a), which is indeed the correlation with a slightly lower, although 

satisfactory, r2 (0.91), while σucs-σcd plot follows a less scattered trend (Fig. 7b). This is likely related to the principle of 

the crack initiation itself and to its strict dependence on the initial macro- and micro-structure of the rock specimen. In 

fact, the generation of cracks occurs when the tensile stresses induced by compression exceed the local tensile strength at 

the tips of the pre-existing flaws (e.g. Cai et al. 2004; Basu et al. 2013; Pappalardo et al. 2016b). Therefore, σci is 

influenced by the presence of pre-existing cracks or pores and by their orientation within the rock, which can either 

enhance or hinder the crack initiation, leading to a more scattered relationship with sucs. On the other hand, once the crack 

initiation has occurred, the rock texture does not affect the mechanical behavior of the specimen any longer. In fact, from 

this point, the rock is already cracked by compression and the main element driving its failure is the evolution of the 

cracking process. This outclasses the influence of the initial rock structure so that σcd and the final compression strength 

are linked by a less scattered trend (Fig. 7b). 

The relationships between such considered three stress levels and the stiffness parameters indicate a mutual dependence 

with the elastic modulus Et50, although with a poorer correlation (see r2 in Table 4). In fact, even if it is known that a 

positive trend usually links sucs and Et50 (e.g. D’Andrea et al. 1965; Deere and Miller 1966; Gupta and Rao 2000; Tugrul 

and Zarif 2000; Sabatakakis et al. 2008), such correlation is affected by a certain degree of scattering mainly due to the 

physical and mineralogical properties of the rock (e.g. Mineo and Pappalardo 2016a; Pappalardo et al. 2017), which can 
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either enhance or hinder the failure of a specimen and its deformability as above stated. Such not fully satisfactory trend 

suggests that Et50 parameter is not good enough to predict σci and σcd, considering data available in this study. According 

to some literature experiences (e.g. Nassif, 2003), a similar consideration can be stated with respect to Poisson’s ratio, 

which is not correlated with the above-mentioned parameters (Table 3). 

In this perspective, summarizing the first results achieved in this section, only two reliable equations can be obtained by 

the statistical analysis above commented, which allow predicting crack initiation and crack damage stress quantities from 

σucs (eq. 1 and 2). These equations involve all the bibliographic data, with no distinction between the rock types; therefore, 

in this paper we will refer to them as “general” equations, with r2 0.91 and 0.96, respectively. 

σ!"(MPa) = 2.2713 + (0.4456 σ$%&) eq. 1 

 

σ!'(MPa) = 0.4818 + (0.8076 σ$%&) eq. 2 

 

4.2 Single regression analyses for particular prediction equations 

 

Once assessed the good correlation between analyzed data, in order to take into account a possible variability related to 

the different genesis of considered rocks, literature data were grouped into sedimentary (SED), metamorphic (MET) and 

igneous (IGN) categories. In such setting, single regression analyses, from now on referred as to “particular” relations, 

were carried out with the aim of retrieving equations, which could potentially be used to predict crack stress levels more 

precisely for each group of rocks. Outlined trends reflect the general fitting previously described, as σucs correlates 

significantly with both σci and σcd by positive linear relations. With reference to σucs vs σci (Fig. 8a-c), data scattering 

increases from SED rocks (r2=0.97), through MET (r2=0.92), to IGN (r2=0.77) group. This difference could be explained 

by taking into account the possible differences occurring between the three rock groups. In particular, SED and MET 

rocks considered herein are likely to be characterized by a certain degree of primary and/or secondary porosity, although 

no specific information was retrieved by the analysis of literature data. In these rocks, cracks could either propagate from 

the tip of a pore/crack, or from the residue of a fossil, while maintaining a good correlation with σucs. On the other hand, 

IGN (herein represented only by intrusive rocks) are likely to be affected by a very low porosity and by strong contacts 

between minerals. In this case, cracks can initiate only from peculiar weak portions of the rock, especially at grain 

boundaries, and their growth is strictly related to the relationship between the mineral phases and to the grain size. In fact, 

it is known that the grain size of rocks plays a leading role during stress, as both crack initiation stress and rock strength 

were found to decrease with increasing grain size (Eberhardt et al. 1999b; Nicksiar and Martin 2013, 2014). Moreover, 
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Brace (1972) stated that in crystalline, igneous rock, although grain boundaries are the preferred site of microcracks, 

intragranular cracks also occur in some of the weaker mineral constituents such as feldspar and biotite grains. This was 

observed also in Etna lavas by Pappalardo et al. (2017), who found that microcracks, even at mineral scale, play a key 

role in the rock strength, leading to a great statistical variability. Variations related to the amount and distribution of 

stronger and weaker minerals were also reported in literature (Tapponnier and Brace 1976; Fredrich et al. 1990; Eberhardt 

et al. 1999b; Nicksiar and Martin 2013). Generally, it was observed that both crack initiation and peak strength decreased 

as the amount of weak minerals increased. 

By looking at the relation between σucs and σcd (Fig. 8d-f) the above reported difference in scattering is reduced, because 

the rock is already fractured by compression when crack damage strength is reached (IGN r2=0.89; SED r2=0.95; MET 

r2=0.97). This result confirms that once the cracking process has initiated, rock behavior is more linked to the crack 

propagation rather than to the initial rock structure. 

Particular best-fit equations proposed for the prediction of σci and σcd from σucs are eq. 3 and 4 for SED, eq. 5 and 6 for 

MET and eq. 7 and 8 for IGN, respectively. 

 

σ!"*,-(MPa) = (0.4866 σ$%&) − 0.8458 eq. 3 

σ!'*,-(MPa) = (0.8568 σ$%&) − 1.6638 eq. 4 

σ!"9,:(MPa) = (0.4352 σ$%&) + 5.2809 eq. 5 

σ!'9,:(MPa) = (0.8353 σ$%&) − 1.7635 eq. 6 

σ!"<>?(MPa) = (0.4369 σ$%&) + 3.7609 eq. 7 

σ!'<>?(MPa) = (0.7972 σ$%&) − 1.5905 eq. 8 

 

4.3 Multiple regression analysis for prediction models 

Performed simple regression analyses demonstrated that σucs is a good independent variable to predict crack initiation and 

unstable crack propagation thresholds using both general and particular equations. This is an interesting result considering 

that, unlike sucs, σci and σcd measurements are not currently routine procedures also because the main testing agencies still 

give no information about their accurate evaluation (Nicksiar and Martin 2012). 

Based on the mutual dependence existing between σci and σcd (Fig. 9), which are linked by a positive linear relation with 

a low scattering (r2 =0.94, p=00.000), in this section results of multiple regression analyses are presented. Such approach 
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allowed considering more than one independent variable for the prediction of σci and σcd, so to achieve a more reliable 

prediction model (Mineo and Pappalardo 2016b). 

In this perspective, two models were compiled to predict: 

- σci from σucs and σcd (from now on referred to as prediction model 1 PM1); 

- σcd from σucs and σci (from now on referred to as prediction model 2 PM2). 

In particular, PM1 is particularly significant, because σci evaluation in laboratory can be often a hard matter. In fact, the 

procedures require high-quality specimens and adequate laboratory equipment that are not always available during 

preliminary design stages. Furthermore, the majority of the suggested methods for identifying σci can be time-consuming 

and affected by subjectivity of the user. In fact, one of the main factors influencing sci detection is the nonlinear 

mechanical behaviour at low stress due to the density of pre-existing defects (Eberhardt et al. 1998; Nicksiar and Martin 

2012). Such nonlinearity of the stress-strain response makes the procedures more difficult, leading to uncertainty into the 

determinate values. 

Statistical analysis for PM1 returned a multiple r of 0.97, an adjusted r2 of 0.94 and a p-value < 0.0000, while model 2 

shows a multiple r of 0.99, an adjusted r2 of 0.97 and a p-value < 0.0000. 

Such results confirm the reliability of both σucs and σcd as predictor values for crack initiation stress (PM1) and of both 

σucs and σci as predictor values for crack damage stress (PM2). Achieved relations are further validated by residual 

analyses, which show a normal distribution of residuals in both cases (Fig. 10), thus indicating that the hypothesis that 

residual values are only a random dataset is true. Therefore, the regression models well explain all trends in the dataset; 

achieved prediction equations are listed below (eqs. 9 and 10). 

 

 

σ!"(MPa) = (0.0575 σ$%&) + (0.4788σ!') + 2.3826  eq. 9 

σ!'(MPa) = (0.5028 σ$%&) + (0.690σ!") − 1.9919  eq. 10 

  

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65



14 

 

5 Validation of equations 

In this section, the above provided relations and their representative equations were used to test the predictability of crack 

initiation and damage stress levels on rock specimens properly tested, in order to establish a comparison between predicted 

and measured values. Such procedure, in terms of scatter plots, is one of the most common alternatives to evaluate model 

predictions (Pineiro et al. 2008). As already introduced, σucs, σci and σcd were experimentally evaluated for 132 specimens 

of metamorphic and sedimentary rocks (Table 2). Accordingly, σci and σcd were predicted through equations 1-10 and 

results were compared with the correspondent measured ones (Fig. 11). 

 

5.1 Prediction from single regression equations 

Starting from general equations 1 and 2, predicted σci well correlates with the corresponding measured values. 

Nevertheless, achieved trend shows a certain scattering, with a plot characterized by a r2 of 0.77 (Fig. 11a). This confirms 

that the level of stress defining the transition between the linear elastic response and the onset of new cracks still maintains 

a certain degree of uncertainty, mainly due to the intrinsic features of tested rocks (e.g. presence of pre-existing flaws, 

porosity), playing a leading role in the crack initiation process itself. This is consistent with the observations of Hidalgo 

and Nordlund (2013), who stated that further studies are needed to more clearly understand how intrinsic rock features 

are related to cracking processes. On the other hand, a better fit is achieved for σcd, with a r2 of 0.87 and a p-value < 

0.0000 (Fig. 11b), reflecting the general trend already shown in Figure 7 and testifying the goodness of the prediction 

model, keeping in consideration that natural materials as rocks do not follow strict mathematical laws. In this case, the 

most scattered data are related to specimens of meta-granodiorite and meta-leucogranite, probably due to peculiar features 

of such laboratory samples, although the fitting is however satisfactory  

Passing through equations 3 to 6 (particular equations) to predict crack stress thresholds (Fig. 11c-d), no relevant 

differences are observed with respect to the previous predicted vs measured plots. In fact, achieved graphs can be almost 

overlapped and r2 values related to such plots are almost the same. This means that no appreciable differences can be 

outlined between general and particular equations, proving the suitability of the proposed relations for SED and MET. 

 

5.2 Prediction from multiple regression equations 

By operating a similar comparison between predicted and measured values through PM1 and PM2 (two independent 

variables), a more precise estimation of the datum is achieved (Fig. 12). In fact, compared to the previous plots, a more 

satisfactory trend is achieved herein, thus proving the good intuition of predicting σci and σcd from more than one 

independent variable. In particular, σci plot (Fig. 12a) is characterized by a higher coefficient of correlation than those 
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shown by both the general and the particular equations (r2=0.82). In fact, the diagram (Fig. 12a) shows a less scattered 

plot, although the influence of the intrinsic properties of the rock cannot be excluded. Similarly, PM2 allows achieving a 

correlation coefficient close to 1 (Fig. 12b) and a determination coefficient of 0.90 against 0.87 of particular and general 

equations, proving that the estimation of crack damage stress is more precise if the crack initiation stress value is known 

along with σucs. It should be underlined that provided equations can be employed only if σci and σcd are, in turn, known 

besides of σucs.  

 

6 Conclusions 

In this work, empirical equations for the prediction of the crack initiation and damage thresholds (i.e. σci and σcd) for intact 

rocks were developed by analysing a dataset consisting of the main mechanical parameters of more than 480 rock 

specimens collected from literature. Unconfined compression test results of igneous, metamorphic and sedimentary rock 

types were statistically treated by single and multiple regression approaches to study the mutual dependence between the 

main mechanical parameters, with particular reference to crack initiation (sci) and crack damage (scd) stresses. Such 

analyses allowed providing “general” prediction equations, taking into account the entire dataset, and “particular” 

prediction equations, specific for each group of rocks (i.e. igneous, metamorphic and sedimentary). Results were validated 

by the empirical estimation of sci and scd on 132 rock specimens, properly tested in laboratory to obtain reference values. 

Measured and calculated data were compared and the results confirm that σci and σcd are well correlated with sucs 

regardless of the wide spectrum of petrographic, mineralogical and textural features, also according to previous findings. 

In particular, proposed trends proved that crack initiation stress level is likely to be influenced by the rock texture, which 

can either enhance or hinder the crack initiation process, leading to a more scattered relationship with sucs. Conversely, 

once crack initiation has occurred and the compression proceeds, the rock texture seems not to affect the mechanical 

behavior of the specimen any longer. In fact, from this point, the mechanical attitude of the rock, already damaged by 

compression, is mainly driven by the evolution of the cracking process. This outclasses the influence of the initial rock 

structure so that σcd and the peak strength are linked by a less scattered trend. In this way, Uniaxial Compressive Strength 

proved a good variable to predict crack initiation and damage stress levels, due to the satisfactory trends linking such 

parameters. On the contrary, no suitable relationships were found between crack stress thresholds and stiffness properties 

(i.e. Young’s modulus and Poisson’s ratio).  

General and particular prediction equations proved a good tool for the empirical estimation of σci and σcd, thus representing 

a valid alternative to the laboratory procedures. Moreover, a greater prediction accuracy is achieved by using the 
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Prediction Models resulting from the multiple regression analyses, which take into account two known variables. This 

aspect gains a peculiar importance, especially when time-consuming experimental procedures need to be avoided. 

The comparisons between predicted and actual experimental data allow validating the goodness of the proposed empirical 

equations and lay the foundations for future studies, possibly aimed at developing prediction models involving also 

mineralogical, textural and physical properties. Nevertheless, such equations are practical and accurate enough for 

preliminary engineering design dealing with stress-induced brittle fracturing prior to performing laboratory tests. 

Eventually, the obtained equations can be particularly useful for predicting sci since most of the methods proposed for its 

evaluation can suffer from uncertainty and subjectivity. 
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Table Captions 

 

Table 1 Summary of the available intact rock data found in the literature including the number of specimens 

 

Table 2 Summary of the tested specimens for each rock type and main mineralogical features (data from Pepe et al. 2015, 

2016, 2017). 

 

Table 3 Summary of the main statistical information on the experimental results (CV coefficient of variation) 

 

Table 4 Equations and r2 of the statistical correlations with Et50 and νt50. 
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Figure captions 

Figure 1 Typical stress-strain curves of brittle intact rock specimen recorded under uniaxial compression together with 

the stages of crack development. 

Figure 2 Suggested methods for determining crack initiation: a, b) volumetric strain methods; c, d, e) lateral strain 

methods; f) acoustic emission methods (modified after Nicksiar and Martin 2012) 

Figure 3 Lateral Strain Response (LSR) method: a) determination of the crack damage stress scd; b) determination of the 

linear lateral reference line and of the change in lateral strain (DLSR); c) determination of the crack initiation stress sci 

(modified after Pepe et al. 2016). 

 

Figure 4 Statistical variability among stress levels retrieved from literature data, with specific reference to sedimentary 

(SED), metamorphic (MET) and igneous (IGN) rocks. 

 

Figure 5 Rock core test specimen preparation (a, b); representative tested specimens for different rock types (MLC meta-

leucogranite, MGT meta-granite, MSG meta-syenogranite; MMZ meta-monzonite; MGD meta-granodiorite, LIM 

limestone); example of specimens before and after test (d, e).  

 

Figure 6 Statistical variability among experimental data. 

 

Figure 7 Scatterplots and correlation functions between a) σci and σucs; b) σcd and σucs, with prediction and confidence 

regression bands at 0.95 confidence level. 

 

Figure 8 Scatterplots and correlation functions between σci and σucs for a) SED; b) MET; c) IGN, and between σcd and σucs 

for d) SED; e) MET; f) IGN, with prediction and confidence regression bands at 0.95 confidence level. 

 

Figure 9 Correlation matrix between σci and σcd. Prediction and confidence regression bands in the scatterplot are at 0.95 

confidence level. 
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Figure 10 Distribution of residuals for Model 1 (a) and Model 2 (b). 

 

Figure 11 Predicted vs measured values of σci and σcd by general equations 1 (a) and 2 (b), respectively, and by particular 

equations 3 and 5 (c), 4 and 6 (d). 

 

Figure 12 Predicted vs measured values of σci and σcd by PM1 (a) and PM2 (b). 
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Table 1 Summary of the available intact rock data found in the literature including the number of specimens 

Data sources Rock type 
n. of 

specimens 
Available parameters 

 sucs sci scd Et50 nt50 

Amann et al. (2011) Clay shale 19 X X X X X 

Brace et al. (1966) Sandstone 1 X X X   

Klein and Reuschlé (2004) Sandstone 4 X X    

Palchik and Hatzor (2002) Limestone 12 X  X X X 

Palchik and Hatzor (2002) Dolomite 8 X  X X X 

Gatelier et al. (2002) Sandstone 7 X X X   

Ranjith et al. (2010) Black coal 6 X X X   

Nicksiar (2013) Argillaceous limestone 18  X X X X X 

Nicksiar (2013) Calcareous shale 4 X X X X X 

Nicksiar (2013) Shale 6 X X X X X 

Liang et al. (2011) Rock Salt  8 X  X X X 

Cai (2010) Quartzite 1 X X    

Cai (2010) Amphibolite 1 X X    

Chang and Lee (2004) Marble 1 X X X X X 

Nicksiar (2013) Amphibolite 4 X X X X X 

Nicksiar (2013) Meta-granite 32 X X X X X 

Nicksiar (2013) Micagneiss 51 X X X X X 

Heikkilä and Hakala (1998a) Tonalite gneiss 10 X X X X X 

Andersson et al. (2009) Diorite 7 X X X X X 

Nicksiar and Martin (2012) Diorite 10 X X X X X 

Cai (2010) Sulphide 10 X X    

Cai (2010) Peridotite 2 X X    

Cai (2010) Pegmatite 1 X X    

Martin (1993) Granite 3 X X X   

Fonseka et al. (1985) Dolerite 1 X X    

Chang and Lee (2004) Granite 1 X X X X X 

Lin et al. (2009) Porphyritic monzonitic granite 4 X  X   

Nicksiar (2013) Pegmatite 12 X X X X X 

Nicksiar (2013) Granodiorite 24 X X X X X 

Nicksiar (2013) Tonalite 9 X X X X X 

Nicksiar (2013) Granite 106 X X X X X 

Nicksiar (2013) Monzodiorite 32 X X X X X 

Nicksiar (2013) Diorite 17 X X X X X 

Nicksiar (2013) Rhyolite 5 X X X X X 

Eloranta and Hakala (1998) Porphyritic granodiorite 10 X X X X X 

Eloranta and Hakala (1999a-b) Granite 20 X X X X X 

Heikkilä and Hakala (1998b) Granite 10 X X X X X 

Takarly et al. (2008) Granite 6 X X X   



Table 2 Summary of the tested specimens for each rock type and main mineralogical features (data from Pepe et al. 2015, 

2016, 2017). 

 

Rock type Specimens Quartz K-feldspar Plagioclase Hornblende Biotite Calcite Muscovite 

Meta-leucogranite 20 * * * * * - - 

Meta-granite 31 * * * * * - - 

Meta-syenogranite 9 * * * - * - - 

Meta-granodiorite 31 * * * * * - - 

Meta-monzonite 21 * * * * - - - 

Limestone 20 * - - - - * * 

 



Table 3 Summary of the main statistical information on the experimental results (CV coefficient of variation) 

 

 Metamorphic rocks Sedimentary rocks 

 sucs 

(MPa) 

sci 

(MPa) 

scd 

(MPa) 

Et50 

(GPa) 

sci/sucs scd/sucs sucs 

(MPa) 

sci 

(MPa) 

scd 

(MPa) 

Et50 

(GPa) 

sci/sucs scd/sucs 

Mean 206.8 95.1 175.1 59.9 0.46 0.85 121.4 58.7 108.3 41.0 0.49 0.90 

St.Dev. 42.7 24.7 38.1 8.2 0.07 0.08 28.6 14.6 24.6 13.5 0.08 0.06 

CV (%) 20.6 26.0 21.8 13.7 15.2 9.4 23.5 24.9 22.7 33.0 16.3 6.7 

 



Table 4 Equations and r2 of the statistical correlations with Et50 and νt50. 

Correlation Equation r2 

Et50 vs σucs Et50 (MPa) = 23446.91 + 228.73 σucs 0.61 
Et50 vs σci Et50 (MPa) = 29038.29 + 440.82 σci 0.55 

Et50 vs σcd Et50 (MPa) = 24331.88 + 273.85 σcd 0.60 
νt50 vs σucs νt50 = 0.235 - 0.000031 σucs 0.00 
νt50 vs σci νt50 = 0.23 - 0.000065 σci 0.00 
νt50 vs σcd νt50 = 0.237 - 0.000054 σcd 0.00 

 



  


