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Brittleness is an important parameter to evaluate the performance of rock

engineering. A scientific and reasonable brittleness evaluation method is of

great significance to theoretical research and the engineering practice of rock

mechanics. In view of the existing statistical constitutive models of rock based

on the Weibull distribution being able to express various constitutive behaviors

well, such as brittleness, plasticity, strain softening, this paper wants to

determine rock brittleness from constitutive models. First, the parameter m,

which can effectively reflect the overall characteristics of the rock stress-strain

curve, and the parameter δ, which can reflect the post-peak characteristics, are

selected. Then, a brittle evaluation method based on rock statistical damage

constitutive parameters is proposed, and the brittleness index Bm (Bm = m·δ) is
established. The feasibility is verified by the testing data of granite, sandstone

and marble under different conditions. The results show that the brittleness of

those hard rocks decrease with the increasing of confining pressure. For

confining pressures of 5 MPa and 15 MPa, the brittleness of granite under

triaxial unloading test is greater than that under triaxial compression test.

The calculation results quantitatively reflect the brittle characteristics of

sandstone, marble and granite in the test. Compared with the existing

representative brittleness indexes, it is found that the brittleness index Bm

can effectively reflect the characteristics of rock brittleness decreasing with

increasing confining pressure and enhancement under unloading stress path.

This paper provides a way to evaluate rock brittleness from the perspective of a

constitutive model, which is helpful to enrich our understanding of rock

brittleness.
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Introduction

As one of the basic properties of rock materials, brittleness is

a key index to evaluate rock performances. Accurate evaluation

of rock brittleness has important guiding significance for effective

exploitation and utilization of mineral resources, underground

engineering construction and geological disaster prevention and

reduction. For example, in terms of the development and

utilization of oil and gas shales and mineral resources,

brittleness is a key parameter to evaluate reservoir mechanical

characteristics, borehole stability, hydraulic fractures, coal

mining and granite applicable range (Holt et al., 2015; Wang

et al., 2019; Zou et al., 2021; Cui et al., 2021; Yin et al., 2022). In

terms of underground engineering construction, the brittleness

of rock mass determines the efficiency of TBM tunneling and hob

rock breaking (Kahraman, 2002; Gong & Zhao, 2007). In terms of

geological disaster prevention and reduction, brittleness is an

important parameter for the evaluation and prediction of

stability of surrounding rock, collapse, rock slide and

earthquake (Qin et al., 2010; Zhou et al., 2021), such as

underground engineering stability (Hajiabdolmajid & Kaiser,

2003; Yagiz, 2009), progressive failure of slope (Aligholi et al.,

2017) and brittle failure of fault clavicle segment (Chen et al.,

2017). Therefore, regardless of whether it is from the perspective

of rock engineering projects or rock mechanical theory

development, the ability to describe and evaluate rock

brittleness effectively is crucial.

For the characterization of brittleness behavior, sudden

collapse, ejection, splitting, plate cracking of surrounding rock

and rock burst of rocks are all brittle failure phenomena. Various

researchers have indirectly defined rock brittleness for different

purposes. Representative determinations include the following.

From the view of strain, Hetenyi (1966) defined brittleness as the

loss of plasticity of materials. From the view of strength, Ramsay

(1967) argued that brittle failure occurred when the cohesion of

rock was destroyed. Obert and Duvall (1967) believed that

brittleness was a feature describing the failure behavior of

rock materials when the yield strength of rock is reached or

exceeded. In addition, rock brittleness is also related to the

accumulated energy and macroscopic fracture characteristics

(Gong and Wang, 2022; Wang, et al., 2022). Tarasov and

Potvin (2013) pointed out that rock brittleness is its ability to

self-maintain macroscopic damage through energy balance of the

postpeak stage. Li et al. (2012) believed that brittleness was a

comprehensive property of rock materials, i.e., the ability to

generate local damage and to develop spatial fractures under an

internal nonuniform stress distribution caused by the inherent

heterogeneity of the rock. Moreover, from the view of

mathematics, many constitutive models, which can better

express the brittle behavior of rocks, have been established by

using different strength criteria in combination with statistical

strength theory, damage theory and effective stress principle

(Wang et al., 2007). However, an internationally accepted

norm and a standard measurement of brittleness have not

been established yet (Altindag, 2010). The common features

(Hucka and Das, 1974) for rock with high brittleness are

concluded as follows: 1) Failure occurs at small strain and is

dominated by fractures, 2) formation of fines, 3) higher ratio of

compressive to tensile strength, 4) higher resilience, 5) higher

internal friction angle (rupture angle) and 6) fully developed

fractures during hardness tests.

In addition, many brittleness indices were proposed to

quantitatively evaluate rock brittleness (Zhang et al., 2021; Liu

et al., 2022). Hucka and Das (1974) analyzed seven determining

methods of brittleness index, finding that the values of brittleness

are not identical; then, they pointed out it would be better to

define different types of brittleness, such as brittleness based on

the strain ratio, brittleness based on the energy ratio, etc.

Recently, Meng et al. (2015), Zhang et al. (2016), Ai et al.

(2016), and Chen et al. (2019) conducted a comprehensive

review on different formulations and definitions of rock

brittleness, and the brittleness indices could generally fall into

three categories: 1) Brittleness indices based on physical tests. 1)

Mineral composition-based analysis: Jarvie et al. (2007) and

Rickman et al. (2008) believed that the brittleness increased

with the increase of quartz mineral, based on which they

proposed a brittleness index to quantify rock brittleness as a

function of the amount of quartz, carbonate and clay minerals in

rocks. However, this index did not take the effects of porosity,

grain size, cementation, and the confining stresses on brittleness

into consideration, which would lead to some rocks having the

same mineral proportions while showing different brittle

features. This implies that consideration of only the weight

percentages of brittle minerals in a rock mass cannot precisely

describe its brittleness. 2) Porosity-based analysis: Porosity is also

an effect on rock performance. By investigating the correlation

between the mineralogy-derived brittle indices with neutron

porosity, Jin et al. (2014) claimed that there is a global

correlation between them, and can serve as a benchmark

brittleness value. Meanwhile, Heidari et al. (2014) pointed out

that there was no correlation between the brittleness index values

and the porosity values. Sometimes, this method may lead to

contradictory results in field applications (Cho and Perez, 2014).

3) Hardness based analysis: Hardness based brittleness indices

were proposed for ceramic engineering (Honda and Sanada,

1956). As the index was proposed and used for ceramics, no

additional data are available for rock materials, making it difficult

to compare and determine the applicability and accuracy in the

evaluation of rock brittleness. 2) Brittleness indices based on rock

mechanical tests. 1) Strength-based analysis: Based on rock

compressive and splitting tests, various brittleness indices were

built using crack-initiation stress, peak stress, residual stress and

tensile strength, such as the ratio of compressive strength to

tensile strength (Hucka and Das, 1974; Altindag and Guney,

2010), ratio of the difference of peak strength and residual

strength to the peak strength (Bishop, 1967), and ratio of
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peak strength to crack-initiation stress (Wang et al., 2014).

However, many scholars criticized that those indices yielded

contradictory results with respect to those calculated from the

perspective of strain or energy. Furthermore, the results are not

monotonic and continuous. In addition to the above limitations,

rock brittleness can be affected by the stress state, and rocks may

show less brittleness and more ductility at high confining

pressure conditions, so those indices are not suitable for a

complex stress environment (Meng et al., 2015). 2) Strain

based analysis: Meanwhile, strain based brittleness indices

have been proposed (Hucka and Das, 1974; Andreev, 1995;

Gong and Zhao 2007). For example, Coates (1966)

determined the brittleness by the ratio of the recoverable

strain to the total strain. Hajiabdolmajid and Kaiser (2003)

introduced a plastic strain-dependent brittleness index which

considers the cohesion weakening and frictional strengthening

processes. However, those indices do not consider the postpeak

characteristics, which are critical for characterizing the brittle

features (Li et al., 2017). 3) Energy-based analysis: After

analyzing the energy ratio data obtained from laboratory

compressive tests, Tarasov and Potvin (2013) proposed a

brittleness index based on the complete stress-strain curve of

energy balance. Due to the simplified assumption, they cannot

precisely describe different rocks characterized by the same E and

M (Meng et al., 2015; Chen et al., 2019). 3) Brittleness indices

based on other methods. Other indices have been derived based

on penetration tests (Yagiz, 2009), point load testing (Reichmuth,

1967), overconsolidation ratio (OCR)-based analysis (Nygård

et al., 2006), geophysical λρ-μρ crossplot-based analysis

(Goodway et al., 1999), and Mohr’s Circle (Hucka and Das,

1974). They all have some limitations, e.g., the penetration test

requires specific equipment for the sampling and testing of rock,

leading to its limited use. There is a lack of sufficient evidence in

the point load testing method on why the values of Kb differed for

various rocks. Recently, with the development of artificial

intelligence and big data technology (Li et al., 2022), many

scholars have used intelligent algorithms to evaluate the

brittleness of rock. For example, Parsajoo et al. (2022)

proposed a precise neuro-fuzzy model enhanced by artificial

bee colony techniques for assessment of rock brittleness index. By

integration the Sparrow Search Algorithm (SSA) and the

Extreme Learning Machine (ELM), a new hybrid model is

proposed for predicting the brittleness index (Zhang et al.,

2022). In fact, rock is made of various kinds of mineral

particles with voids, cracks and joints inside, and these weak

structures are the typical embodiment of rock damage. Rock

brittle deformation and brittleness are closely related to the

distribution of internal cracks and the generation, propagation

and connection of micro fractures. In addition, the micro

inhomogeneity of rock, determined by the inner voids and

minerals, could be described by the Weibull distribution

(Wang et al., 2007). Thus, various statistical meso-damage

constitutive models have been put forward from this

perspective, and those models can be used to express the

brittle behavior of hard rocks.

However, little attention has been given to building the

brittleness index via rock statistical constitutive model

parameters. Through investigation of the existing literature, it

is found that Chen et al. (2017) selected the shape parameterm in

the two-parameter Weibull distribution as the index to assess the

brittle failure degree of rock, but m, as the parameter to

characterize the heterogeneity of rock materials, reflected

more the characteristics of the whole curve features and was

limited in describing the postpeak characteristics of rock

materials. Li et al. (2017) discussed rock brittleness based on

statistical constitutive relations, and proposed an energy-based

brittleness index. They only considered the prepeak stage without

the postpeak stage. However, the brittleness is closely related to

the postpeak characteristics of rock stress-strain curves. Previous

research showed that the postpeak characteristics of rock stress-

strain curves for a statistical constitutive model can be effectively

characterized by introducing the damage variable correction

coefficient δ (Cao et al., 2013). Therefore, in combination with

the thermal-mechanical-damage constitutive model (established

based on the Weibull distribution) parameters (m, δ), and

granite, sandstone and marble testing data, this paper explores

the feasibility of establishing the brittleness index based on these

parameters (m, δ).

Statistical damage constitutive model

After introduction of statistical damage theory, great

acheivements have been gotted on rock statistical damage

constitutive models (Wang et al., 2007; Cao et al., 2013; He

et al., 2021). Those damage statistical models assume that

the defects random distribution in rock materials and rock

micro-element strength obeys Weibull distribution.

Meanwhile, rock is isotropy macroscopically, rock micro-

element has failure and non-failure two states, and micro-

element before failure complies with Hooke’s law. In this

work, based on previous work of statistical damage

constitutive model of rocks (Wang et al., 2007; Cao et al.,

2013; He et al., 2021), a damage statistical constitutive

model was proposed by introducing a three-parameter

Weibull distribution. The details are as follow (Gao et al.,

2022).

1) Damage variable. The damage variable D is the ratio of the

number of damaged micro-elements to the total number of

micro-elements N.

D � Nf/N (1)

where D is the damage variable, Nf is the number of damaged

micro-elements, N is the total number of micro-elements.
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2) Constitutive equation

σ1 � Eε1{1 − δ + δ exp[ − (α0I1 + ��
J2

√ − γ

F
)m]} + μ(σ2 + σ3)

(2)
where E is elastic modulus.m, F, γ are the mean uniformity, peak

strength, and damage evolution threshold, respectively, which

represents the shape, scale, dimension, and position. μ is

Poisson’s ratio. α0 � sinφ/
���������
9 + 3sin 2 φ

√
, φ is the internal

friction angle, I1 is the first stress invariable

(I1 � σ*x + σ*y + σ*z � σ1* + σ2* + σ3*), and J2 is the deviatoric

invariant of deviator stress

(J2 � 1
6 [(σ1* − σ2*)2 + (σ2* − σ3*)2 + (σ3* − σ1*)2]). δ is the damage

variable correction coefficient.

3) Parameters According to previous work (Cao and Li, 2008;

Gao et al., 2022), calculation formulas for constitutive

parameters δ, γ, m and F are shown in Eqs. 3–6

δ �
�����
σr/σc√

(3)

γ � α0
(σci + 2σ3)Eεci
σci − 2μσ3

+ (σci − σ3)Eεci�
3

√ (σci − 2μσ3) (4)

m � 1
In(Eεc/σc) (5)

F � (α0I1 + ��
J2

√ )/Eε1(σ1 − 2μσ3) (6)

where σci is crack initiation stress. εc is the strain at peak. εci is

crack initiation strain. σr is residual stress. σc is peak stress.

Proposed method based on statitcal
damage constitutive parameters

An effective brittleness index should fully consider the whole

rupture process of rock, the effects of mechanical parameters and

the external loading conditions (Ai et al., 2016; Xia et al., 2017).

For example, Ai et al. (2016) proposed an index which considered

the pre-peak and the post-peak stages of the stress-strain curve.

In this paper, the constitutive model parameters m and δ were

selected to establish a brittleness index. The parameter m can

effectively reflect the overall characteristics of rock behavior, and

the parameter δ can reflect the post-peak characteristics of the

stress-strain curve.

Theoretical analysis

In general, under external loading conditions, rocks show

plastic, elastic, strain softening and brittle behaviors. From the

perspective of damage statistics, a large number of scholars have

studied the constitutive behavior of rocks under various

conditions by using the Weibull distribution, finding that the

rock damage statistical constitutive model based on the Weibull

distributions can express elastic-brittle, elastic-plastic and strain

softening behaviors of rocks (Wang et al., 2007; Li et al., 2012).

For the constitutive fitting of different rock behaviors, the

constitutive model is the same, but different constitutive

parameters determine different constitutive curves, which

indicates that the constitutive parameters determine the

characteristics of the constitutive curves. For example, based

on a unified statistical damage constitutive model, the elasticity,

brittleness, plasticity or strain softening characteristics of rocks

can be described by selecting the appropriate constitutive

parameters. This lays the foundation for estimating brittleness

by using constitutive parameters. This paper builds a new

brittleness index via the parameters m and δ.

Figure 1 shows the theoretical curve of a granite sample

changing with the constitutive parametersm and δ. According to

Figure 1A, the larger the parameter m is, the greater the slope of

the curve behind the peak is and the faster the stress falls. When

m = 1, the theoretical curve exhibits no obvious stress drop

phenomenon, showing plastic characteristics, and if the m value

FIGURE 1
Theoretical analsis of constittive curves with different parameters.
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increases, the stress drop after the peak in the theoretical curve is

obvious. In fact, m embodies the characteristics of rock mineral

particles, also known as the inhomogeneity coefficient. The

greater the m value, the more brittle the rock. According to

Figure 1B, the post-peak of the curve falls faster with the increase

of δ. Based on the influence of the parameters m and δ, it is found

that different constitutive behaviors can be expressed by setting

reasonable values for the two parameters (Figure 1C).

Brittleness evaluation method

According to the above theoretical analysis, whenm and δ are

both large, the stress would drop much more quickly after the

peak, which means the brittleness characteristics are prominent.

Therefore,m and δ are selected as the two parameters to establish

a new index for evaluating rock brittleness (Gao et al., 2022).

The steps of this brittleness evaluation method based on rock

constitutive parameters are as follows:

1) Qualitatively judge the brittleness characteristics by the post-

peak features of the stress-strain curve.

2) Calculate the values of the constitutive parameters via testing

data, and then depict the theory curve.

3) Adjust constitutive parameters values, making the theory

curve and test curve match well. Sometimes, there would

be a slight difference between the theory curve and the test

curve. This may be caused by errors of the testing and

parameter values. The testing error, includes system errors

and operation errors. For the parameters’ values, there may be

a few errors because of the subjectivity of determining

residual stress and crack-initiation stress. Therefore, in

order to accurately assess the brittleness, it is advisable to

match the theory curve and test curve well by adjusting the

values of m and δ properly. In this way, the previous errors

can be eliminated.

4) Establish the brittleness index via m and δ, and the calculation

formula is as follow:

Bm�m · δ (7)

As detailed in the theoretical analysis, the curve drops quickly

after the peak when both m and δ values are greater, so the

product of m and δ is taken as the new brittleness index.

5) Comprehensively evaluate the brittleness of rock by

considering both the stress-strain curve characteristics and

brittleness index value.

Verification of the proposed method

In this section, the new brittleness index Bm will be verified

from two aspects by combining the test data of granite,

sandstone and marble. Firstly, the brittleness index Bm was

preliminarily verified by different lithologies test data under

the confining pressure of 5–35 MPa. Secondly, the brittleness

index Bm is verified by granite test data under loading and

unloading conditions. The feasibility of brittleness index Bm

under different confining pressures and loading modes will be

verified.

Decription of used rock samples

Granite, sandstone, and marble used in the manuscript are

respectively collected from Gaoligongshan Tunnel of Da-Rui

Railway, Bamiao Tunnel of Taoba Highway and Jinping II

Hydropower Station. In order to further analyze the fabric

characteristics of the sample, X-ray diffraction experiment and

polarized light microscopic section experiment were carried out.

The results are shown in Table 1.

Verification of Bm under different
confining pressures

Figure 2 shows the stress-strain curves, macroscopic

fracture characteristics, peak strength and calculation results

of brittleness index Bm of granite at 5–30 MPa. According to

Figure 2A, the stress-strain curves of granite under different

confining pressures can be roughly divided into linear elastic

deformation, stable crack growth, unstable crack growth, peak

and residual strength, etc. Due to the confining pressure, the

crack-closure stage of stress-strain curve is not obvious. Under

the condition of 5 MPa, the curve quickly reaches the peak

stage, and then it drops rapidly, showing typical brittleness

characteristics. Under the condition of 15 MPa, the curve slowly

reaches the peak point after unstable crack growth, and there is

a certain plastic deformation before the peak. Finally, the stress

drops rapidly, showing a brittle character. Under the condition

of 25 MPa, the slope of the curve is the largest, but the curve

near the peak maintains near-horizontal, which is plastic

deformation. The peak characteristic is not obvious. The

post-peak stress falls in stages, which shows that it falls

quickly for a short time, then slowly, then falls quickly for a

short time and finally enters the residual stage. Under the

condition of 25 MPa, the curve shows brittle-plastic

characteristics. Under the condition of 30 MPa, the curve

shows typical strain softening characteristics. According to

Figure 2B, at 5 MPa, the sample shows through tensile

fracture, and a secondary shear crack develops at the top,

which is generally tensile fracture. At 15 MPa, the specimen

has only one fracture surface, and the upper part of the fracture

is inclined shear fracture, while the lower part is vertical tension

fracture, which is realized as tension-shear mixed fracture. At

25 MPa, the specimen developed four fracture surfaces, among
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which the main fracture showed mixed tension-shear fracture,

with shear as the main fracture, and the secondary fracture

surfaces were tensile fracture. At 30 MPa, the specimen shows

inclined shear fracture with a tendency of conjugate shear,

which is a typical shear fracture. Combined with Figures 2A,B,

the relationship between brittleness of granite samples under

the condition of 5–35 MPa triaxial compression tests can be

preliminarily determined, that is, the brittleness of granite

samples under the condition of 5 MPa is the largest,

followed by 15 MPa, then 25 MPa, and finally 30 MPa. The

brittleness of granite is weak and the degree of brittleness

decreases with increasing confining pressure under triaxial

compression tests. According to Figure 2C, under the

condition of 5–30 MPa triaxial compression tests, the peak

strength of granite increases with the increase of confining

pressure, whose values are 140 MPa, 229 MPa, 253 MPa, and

268 MPa, respectively. The values of the brittleness index Bm are

2.5, 1.9, 1.8, and 1.4, respectively. The calculated results

TABLE 1 Fabric characteristics of rock samples (Xu, 2014; Wang, 2014; Zhong, 2017).

Lithology The main characteristics Photomicrograph of thin
section

Granite The rocks have porphyritic structure and are composed of basic feldspar phenocrysts and matrix
minerals such as plagioclase and quartz. Among them: phenocrystic (about 44%): striped feldspar,
particle size up to 2 mm. Matrix (52%): plagioclase, 25%; Quartz, 16%, particle size in 0.2–0.7 mm;
Hornblende, 5%, particle size <1.4 mm; Biotite, 4%. Sub-mineral (4%): Sphene, 1%, particle size
0.1–0.4 mm; Apatite, 0.5–1%, particle size <0.5 mm; Epidote, 1%, particle size 1.2 mm. Metallic
minerals: 1%, particle size from 0.1 to 0.2 mm

Sandstone The rock has a fine sand-like structure. It is mainly composed of quartz, feldspar and other mineral
debris, limestone, siliceous rock and other rock debris and interstitial material. Among them, the
sand content is more than 85%, mainly angular to sub-angular, and the particle size is mainly
0.07–0.25 mm. The sorting, roundness and sphericity are poor, and the component maturity is low.
The rock is mainly supported by grains and cemented by pores

Marble It is mainly composed of calcite and dolomite. Calcite (>90%), the particle size of 0.04–0.25 mm,
cleavage is well developed with surface dissolution phenomenon. There are dissolution cracks
around the particles and secondary dissolution phenomenon, many secondary cracks developed

Frontiers in Earth Science frontiersin.org06

Gao et al. 10.3389/feart.2022.1020834

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1020834


quantitatively indicate that granite brittleness weakens with

increasing confining pressure.

Figure 3 shows the stress-strain curves, macroscopic fracture

characteristics, peak strength and calculation results of brittleness

index Bm of sandstone at 5–35MPa. According to Figure 3A, the

stress-strain curves of sandstone under different confining

pressures have obvious linear elastic deformation and post-peak

stress drop. Among them, under the conditions of 5 MPa and

15MPa, the stress-strain curve increases slowly in the initial stage,

showing a obvious crack closure characteristics. This is related to

the diagenetic process of sandstone, which is a typical sedimentary

rock. In the diagenetic process, the pressure is relatively small and

the void volume compression is limited, resulting in its high

porosity. At the same time, with the increase of confining

pressure, the crack closure characteristics of the curves

gradually weakened under the conditions of 25MPa and

35MPa, but the plastic characteristics of the curves gradually

became prominent in the unstable crack growth stage. Especially at

35MPa, the curve shows obvious plastic deformation near the

peak, and then the stress drops rapidly. According to Figure 3B,

sandstone samples under different confining pressures show

tensile fracture. At 5 MPa, the specimen exhibits a penetrating

vertical tensile fracture, which is a brittle failure. At 15MPa, the

specimen also exhibits a penetrating vertical tensile fracture, but

the upper fracture surface is curved, with some shear components,

and the overall failure is brittle. At 25MPa, the specimen

developed multiple tension-shear mixed fracture planes, but the

tension fracture was the main one. At 35MPa, the failure of the

sample is the most serious one. After the test, some blocks of the

sample fall rapidly. The main fracture surface is tension-shear

fracture, and several secondary shear fracture surfaces develop

near the main fracture surface. Combined with Figures 3A,B, the

relationship between brittleness of granite samples under the

condition of 5–35MPa triaxial compression tests can be

preliminarily determined, that is, the brittleness of granite

samples under the condition of 5 MPa is the largest, followed

by 15 MPa, then 25MPa, and finally 35MPa. The brittleness of

sandstone is weak and the degree of brittleness decreases with

increasing confining pressure under triaxial compression tests.

According to Figure 3C, under the condition of 5–35MPa triaxial

compression tests, the peak strength of sandstone increases with

the increase of confining pressure, whose values are 112 MPa,

118 MPa, 240 MPa, and 249 MPa, respectively. The values of the

brittleness index Bm are 9.9, 9.0, 6.0, and 3.6, respectively. The

calculated results quantitatively indicate that sandstone brittleness

weakens with increasing confining pressure.

FIGURE 2
Test results and Bm values granite under different confining pressures.

FIGURE 3
Test results and Bm values sandstone under different confining pressures.
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Figure 4 shows the stress-strain curves, macroscopic fracture

characteristics, peak strength and calculation results of brittleness

index Bm of marble at 5–35 MPa. According to Figure 4A, the

curves of marble have a certain crack closure characteristics at

low confining pressure, but it weaken at high confining pressure.

The plasticity strengthens with the increase of confining pressure.

At 5 MPa, there is a small section of stress drop behind the peak,

and then it shows softening property. At 15–25 MPa, with the

increase of confining pressure, the plastic deformation interval

increases, the plasticity increases, and the peak is not obvious. At

35 MPa, the curve has a tendency of plastic hardening. According

to Figure 4B, at 5 MPa, the sample develops multiple vertical

tensile fractures, which are typical brittle failures. At 15 MPa, the

specimen developed a tensile-shear mixed main fracture surface,

accompanied by several secondary tensile fracture surfaces,

showing a tensile-shear mixed failure. At 25 MPa, the

specimen showed through shear fracture. At 35 MPa, the

specimen developed a main shear fracture surface,

accompanied by a secondary shear fracture surface. The

brittleness of marble is weak and the degree of brittleness

decreases with increasing confining pressure under triaxial

compression tests. According to Figure 4C, under the

condition of 5–35 MPa triaxial compression tests, the peak

strength of marble increases with the increase of confining

pressure, whose values are 203 MPa, 269 MPa, 284 MPa, and

313 MPa, respectively. The values of the brittleness index Bm are

6.0, 1.7, 1.1, and 0.8, respectively. The calculated results

quantitatively indicate that marble brittleness weakens with

increasing confining pressure.

In general, the brittleness weakens with increasing confining

pressure. Above on the analyzing from Figures 2–4, the

calculated results of the brittleness index Bm are consistent

with the experimental curve characterization results and

previous works (Zhou et al., 2014; Meng et al., 2015; Ai et al.,

2016; Xia et al., 2017; Chen et al., 2019), which effectively reflect

the change of brittleness index with confining pressure. This

demonstrates the rationality and effectiveness of the new

brittleness index Bm to a certain extent.

Verification of Bm under different loading
modes

It is considered that rock brittleness under unloading

conditions is more obvious than that under conventional

compression conditions (Li et al., 2016). Therefore,

FIGURE 4
Test results and Bm values marble under different confining pressures.

FIGURE 5
Test results and Bm values granite under different loading modes (C: compression tests, U: unloading tests).
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comparison analyses were made using granite samples from the

triaxial compressive tests (5 MPa, 15 MPa) and unloading tests

(5 MPa, 15 MPa). According to Figure 5A, the post-peak curve

dropped rapidly under unloading test at 5 MPa. Compared with

the loading condition of 5 MPa, the curve has a left protrusion

trend, indicating that the brittleness is larger. Under the

unloading test condition of 15 MPa, the post-peak curve drops

in stages. As mentioned above, at 15 MPa compression test, there

is a certain plastic deformation before the peak value of the curve,

and then the stress drops rapidly. In comparison, the brittleness

of rock under 15 MPa unloading condition is greater than that

under 15 MPa compression condition. According to Figure 5B,

under the unloading condition of 5 MPa, the granite sample has a

vertical penetrating tensile fracture surface, accompanied by

several secondary tensile planes, which is a typical brittle

fracture. Under the unloading condition of 15 MPa, there is a

through tensile-shear mixed main fracture surface in the

specimen. The upper part of the fracture surface is tensile-

shear mixed failure, and the lower part is mainly vertical

tensile fracture, which is mainly tensile brittle fracture.

Combined with Figures 5A,B, it can be preliminarily

determined that the sample brittleness is greater under

unloading test condition when the confining pressure is the

same. According to Figure 5C, the peak strength of granite

sample under the unloading test at 5 MPa and 15 MPa are

135 MPa and 186 MPa respectively, which are less than

140 MPa and 229 MPa under compression test. The values of

the brittleness index Bm under unloading tests are 3.6 and 3.2,

which is larger than that at compression tests (2.5 and 1.9).

According to Figure 5, it can be concluded that the sample peak

strength under compression tests is larger than that at unloading

tests, wihle the brittleness under compression tests is smaller than

that at unloading tests. The calculated results are consistent with

the actual situation, indicating that the new brittleness index Bm

TABLE 2 Brittleness indices for comparative analysis.

Brittleness Calculation formula Parameter specification

B1 B1=1-exp (M/E) (Liu & Shen, 2005) E is the prepeak elasticity modulus; M is the postpeak elasticity modulus

B2 B2 � τp−τr
τp

lg|kac(AC) |
10 (Zhou et al., 2014) τp is the peak compressive strength; τr is the residual compressive strength; kac (AC) is the slope of ac (AC)

B3 B4 � (εp − εr)/εp (Altindag R, 2010) εp is peak strain; εr is residual strain

B4 B5 � (εB−εP )
(εP−εM ) (Si et al., 2006) εp is peak strain; εB is residual strain; εM is prepeak strain when stress reaches residual stress

FIGURE 6
Schematic diagram of the calculation model of partial brittleness evaluation index.

TABLE 3 Classification and description of brittleness index B1 (Liu &
Shen, 2005).

Grade B1 Description

1 1 M→-∞, Ideal brittleness

2 0.6321–1 -∞ < M < -E, Large brittleness

3 0.6321 M=-E

4 0–0.6321 -E < M < 0, Little brittleness

5 0 M=0, Ideal plasticity

6 < 0 M > 0, Strain hardening

C-5: 5 MPa, tri-axial compression test. U-5: 5 MPa, tri-axial unloading test. C-15:

15 MPa, tri-axial compression test. U-15: 15 MPa, tri-axial unloading test.
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can reflect the brittleness of rocks under different loading modes,

and it also demonstrates its rationality and effectiveness again.

Discussion

At the present, various brittleness indices exist for rocks. In this

section, a comparison was made between the proposed brittleness

index (Bm) and four other commonly used brittleness indices. In

view of the heterogeneity and anisotropy of rock material selected

brittleness indices are shown in Table 2. Figure 6 is the schematic

diagram for the brittleness indices B1, B2 and B4.

In addition, a suggested classification of rock brittleness was

established based on the research of the brittleness index B1 (Liu

& Shen, 2005). There are 6 grades of rock brittleness, as shown in

Table 3.

The brittleness evaluation results of Bm, B1-B4 are compared

and analyzed for different confining pressures, loading modes.

Figure 7 shows the evaluation results of different brittleness

indexes of granite in triaxial compression test under various

confining pressures. At 5–25 MPa, the values of B1 and B2
decrease with the increase of confining pressure, which

effectively reflects the relationship that brittleness decreases

with the increase of confining pressure. However, at 30 MPa,

the values of B1 and B2 are slightly larger than those at 25 MPa,

showing an abnormal phenomenon. According to Table 3, at

5–15 MPa, the values of B1 are 0.85 and 0.67, respectively,

between 0.6321 and 1, which belongs to large brittleness. At

25–30 MPa, the value is between 0 and 0.6321, which belongs to

little brittleness and has plastic characteristics. The evaluation

results are consistent with the actual test. B3 and B4 have a

tendency to increase with the increase of confining pressure.

According to the calculation formula of B3 and B4, the larger the

value of B3 and B4, the smaller the brittleness of rock. The

calculation result shows that B3 and B4 can reflect the change

law of brittleness with confining pressure to a certain extent. Bm
shows a monotonically decreasing law with the increase of

confining pressure, effectively reflecting the influence law of

confining pressure on brittleness. In general, the calculated

values of B1-B4 show a slight fluctuation with the increase of

confining pressure, and the change law is not monotonically

increasing or decreasing, which is somewhat different from the

law of brittleness decreasing with the increase of confining

pressure. Of course, this may be related to the heterogeneity

of the sample itself, but i generally speaking, B1-B4 can reflect the

influence law of confining pressure on brittleness. Comparative

analysis shows that Bm and B1-B4 can be used to evaluate the

change of granite brittleness with confining pressure.

FIGURE 7
Calculation results of brittleness index for granite under
different confining pressures.

FIGURE 8
Calculation results of brittleness index for sandstone under
different confining pressures.

FIGURE 9
Calculation results of brittleness index for marble under
different confining pressures.
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Figure 8 shows the evaluation results of different

brittleness indexes of sandstone in triaxial compression test

under various confining pressures. At 5–25 MPa, the value of

B1 has no change with the increase of confining pressure,

which is 1.00. Its value decreases from 1.00 to 0.70 at

25–35 MPa. According to Table 3, the value of B1 is

between 0.6321 and 1 at 5–35 MPa, which belongs to large

brittleness. However, the test curve shows plasticity at 35MPa,

and the calculated result is not consistent with the test result.

At 5–25 MPa, B2 decreases with the increase of confining

pressure. However, at 35 MPa, the value of B2 is slightly

larger than that at 25 MPa, showing an abnormal

phenomenon. But on the whole, B2 can reflect the influence

of confining pressure on brittleness. The changes of B3 and B4

with confining pressure are consistent, showing that their

values increase with confining pressure increasing. At

5–25 MPa, the increase of B3 and B4 is small, but from

25 MPa to 35 MPa, the increase is relatively large. Bm

shows a monotonically decreasing law with the increase of

confining pressure, effectively reflecting the influence law of

confining pressure on brittleness. In general, the calculated

values of B1 and B2 showed a slight fluctuation with the

confining pressure increasing, and the change law was not

monotonically increasing or decreasing. Bm, B3 and B4 change

monotonically with confining pressure increasing with strong

regularity. Comparative analysis shows that Bm, and B1 - B4

can be used to evaluate the change of sandstone brittleness

with confining pressure except for some data.

Figure 9 shows the evaluation results of different brittleness

indexes of marble in triaxial compression test under various

confining pressures. At 5–35 MPa, the value of B1 decreases with

the increase of confining pressure, which is 0.76, 0.30, 0.23 and

0.19 respectively. According to Table 3, at 5 MPa, the value of B1
is between 0.6321 and 1, which belongs to large brittleness. At

15–35 MPa, the value of B1 is between 0 and 0.6321, which

belongs to little brittleness. The calculated results are in good

agreement with the experimental results. With the increase of

confining pressure, the value of B2 has little change and shows a

decreasing trend. The changes of B3 and B4 are consistent with

the confining pressure increasing. At 5–25 MPa, B3 and B4
increase greatly with confining pressure increasing, but from

25 MPa to 35 MPa, their values decrease with confining pressure

increasing. Bm shows a monotonically decreasing with confining

pressure increasing, effectively reflecting the influence law of

confining pressure on brittleness. In general, the calculated values

of B2 - B4 show a slight fluctuation with the increase of confining

pressure, and the change law is not monotonically increasing or

decreasing. Bm and B1 change monotonically with confining

pressure increasing with strong regularity. Comparative

analysis shows that Bm, and B1 - B4 can be used to evaluate

the change of marble brittleness with confining pressure except

for some data.

Table 4 shows the evaluation results of each brittleness index

of granite under different loading modes. According to Table 4,

when the confining pressure is 5 MPa, the values of B1 under

compression and unloading conditions are 0.85 and 0.89,

respectively, and the brittleness is high under unloading

conditions. The value of B2 are 0.28 and 0.26, respectively,

and the brittleness is large under compression condition,

which is somewhat different from the experimental results.

The values of B3 and B4 under unloading condition are

smaller than those under compression condition, indicating

that the brittleness is larger under unloading condition.

Therefore, it is concluded that Bm, B1, B3 and B4 can reflect

the influence of different loading modes on granite brittleness at

5 MPa, except B2. When the confining pressure is 15 MPa, the

change law of Bm, B1, and B2 is consistent, and the value under

unloading condition is greater than that under compression

condition, indicating that granite is more brittle under

unloading condition. The change law of B3 and B4 is

consistent, and the value under unloading condition is greater

than that under compression condition. According to the

calculation formula in Table 2, the larger the value, the

smaller the brittleness. The calculation results show that the

brittleness of granite under compression condition is greater,

which is inconsistent with the test results. Based on the above

analysis, it is concluded that Bm and B1 can effectively reflect the

brittleness characteristics of granite in compression and

unloading tests under different confining pressures.

In the process of writing this paper, the author consulted

many literatures on brittleness index, only a few literatures

selected constitutive parameters to evaluate rock brittleness

(Chen et al., 2017; Li et al., 2017). This paper adopts the form

of Bm = m*δ, which is not reported in previous two literatures.

The highlight of this paper is the construction of brittleness index

from the perspective of constitutive parameters. Although this

method was verified by different lithologies’ test data and

comparing with the existing brittleness index, as it is only a

preliminary stage, this method inevitably has some shortcomings

and limitations, as follows:

First, it is not convenient and efficient enough, mainly

reflected in the following two aspects. 1) it is necessary to

TABLE 4 Calculation results of brittleness index for granite under
different loading modes.

ID Bm=m*δ Brittleness indices

B1 B2 B3 B4

C-5 2.5 0.85 0.28 0.26 0.41

U-5 3.6 0.89 0.26 0.22 0.39

C-15 1.9 0.67 0.25 0.35 0.55

U-15 3.2 0.81 0.32 0.36 0.59

C-5: 5 MPa, tri-axial compression test. U-5: 5 MPa, tri-axial unloading test. C-15:

15 MPa, tri-axial compression test. U-15: 15 MPa, tri-axial unloading test.
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build a constitutive model to fit the stress-strain curve. 2)

the new brittleness index Bm involves parameters m and δ,

and the derivation and calculation process are

complicated.

Second, the parameter δ fails to effectively reflect the

deformation-related characteristics. In this paper, the

parameter δ is the square root of the ratio of residual strength

to peak strength (δ � �����
σr/σc

√
). However, brittleness is not only

related to the strength drop, but also to the drop rate and

deformation, so the parameter δ only reflects the

characteristics of strength drop, but fails to effectively reflect

the related characteristics of the drop rate and deformation.

Third, when the residual stage is not obvious, the

determination of parameter δ is subjective.

Conclusion

1) The thermal-mechanical-damage statistical constitutive

model based on the Weibull distribution function has good

expression ability. By setting up reasonable constitutive

parameters, it can express many kinds of constitutive

behaviors, such as brittleness, plasticity, strain softening

and so on.

2) A brittleness evaluation method, based on parameters of the

thermal-mechanical-damage statistical constitutive model,

has been proposed by selecting the parameters m and δ,

and the brittleness index expression is Bm=m·δ. The

parameter m can effectively reflect the overall

characteristics of the rock stress-strain curve and δ can

reflect the postpeak characteristics.

3) When the confining pressure is 5–30 MPa, granite changes

from typical brittle fracture to strain softening with the

increase of confining pressure, and the proportion of shear

cracks increases continuously. Bm values were 2.5, 1.9, 1.8 and

1.4, respectively. The calculated results are consistent with the

experimental law, which can effectively reflect the

characteristic of brittleness decreasing with confining

pressure increasing.

4) When the confining pressure is 5–35 MPa, sandstone changes

from typical brittle fracture to plastic deformation with the

increase of confining pressure, and the proportion of shear

cracks increases continuously. Bm values were 9.9, 9.0, 6.0,

and 3.6, respectively. The calculated results are consistent

with the experimental law, which also can effectively reflect

the characteristic of brittleness decreasing with confining

pressure increasing.

5) When the confining pressure is 5–35 MPa, marble changes

form typical brittle fracture to plastic deformation with the

increase of confining pressure, and the plastic deformation

value increases, and the failure mode changes from tensile to

shear. Bm values were 6.0, 1.7, 1.1, and 0.8, respectively. The

calculated results are consistent with the experimental law,

which can effectively reflect the characteristic of brittleness

decreasing with confining pressure increasing too.

6) When the confining pressure is 5MPa, Bm values were

3.6 and 2.5 under unloading and loading conditions,

respectively. For confining pressure 15MPa, Bm values

were 3.2 and 1.9 under unloading and loading

conditions, respectively. It can be seen that the proposed

index Bm can effectively reflect the characteristics of rock

brittleness under unloading test.

7) The brittleness index Bm can effectively reflect the effects of

different loading modes, confining pressures and lithology on

rock brittleness. Under the same conditions, the brittleness of

rock under triaxial unloading test is larger than that under

triaxial compression test, and the brittleness of rock under

low confining pressure is larger than that under high

confining pressure.
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