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The rationality of using strain energy storage index (We;) for evaluating rockburst proneness was
theoretically verified based on linear energy storage (LES) law in this study. The LES law is defined as the
linear relationship between the elastic strain energy stored inside the solid material and the input strain
energy during loading. It is used to determine the elastic strain energy and dissipated strain energy of
rock specimens at various loading/unloading stress levels. The results showed that the We value ob-
tained from experiments was close to the corresponding theoretical one from the LES law. Furthermore,
with an increase in the loading/unloading stress level, the ratio of elastic strain energy to dissipated
strain energy converged to the peak-strength strain energy storage index (WX,). This index is stable and
can better reflect the relative magnitudes of the stored energy and the dissipated energy of rocks at the
whole pre-peak stage than the strain energy storage index. The peak-strength strain energy storage
index can replace the conventional strain energy storage index as a new index for evaluating rockburst
proneness.

© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Rockburst is the sudden release of accumulated elastic strain
energy in highly stressed rocks and is a type of disaster frequently
encountered in deep rock projects (Singh, 1988; He et al., 2010;
Feng et al., 2012; Kaiser and Cai, 2012; Cai, 2016, 2019; Zhang et al.,
2016; Makowski and Niedbalski, 2020). Numerous studies have
shown that energy analysis is a practical approach for evaluating
the outburst risk in rock engineering (Mitri et al., 1993, 1999).
Rockburst proneness is typically regarded as a property that char-
acterizes the outburst potential of rocks in terms of mechanical and
energy parameters. Its determination could provide guidance and
help control/prevent rockburst disasters in engineering practice
(Tang et al., 2010; He et al.,, 20124, b; Zhang et al., 2012; Li et al,,
2017; Gong et al., 2020; Li, 2021; Xu et al., 2021). Under external
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loadings, rocks could experience the stages of input, storage, and
dissipation of strain energy, and the accumulated elastic strain
energy plays a significant role in ejecting rock fragments during
rock failure (Xie et al., 2009; Jiang et al., 2015; Gong et al., 2018a;
Simser, 2019). For brittle rocks, the ratio of stored elastic strain
energy to dissipated strain energy can reflect the performance of
energy storage in rock under loading and during rockburst. Hence,
it is essential to evaluate the burst proneness of rocks from energy
storage and dissipation perspectives.

In the past few decades, different energy indices have been
proposed for assessing the burst proneness of rocks (Kidybinski,
1981; Tjongkie, 1986; Singh, 1988; Tan, 1992; Wang and Park,
2001; Qiu et al, 2011; Gong et al., 2018b, 2019a, 2020). For
example, through analyses of energy variations during rock defor-
mation and breaking, Singh (1988) introduced the ‘burst energy
release index’ to describe the energy released at the time of frac-
turing. Tan (1992) defined the elastic strain energy of rock at the
state between ejection and non-ejection as the critical ejection
energy. Deng et al. (2012) put forward the rockburst energy index
to evaluate the rockburst proneness considering the stress-strain
relationship of rock. Gong et al. (2018b, 2019a) discovered the
linear energy storage (LES) law in uniaxial compressed rocks, based
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on which the peak-strength strain energy storage index and re-
sidual elastic energy index were introduced to the burst proneness
assessment of rocks. Among these indices, the strain energy storage
index (We¢) is the most widely used one. Wt was presented by
Neyman et al. (1972) and Szecowka et al. (1973) when the energy
index concept was introduced to classify coals according to their
respective bursting liabilities. Several years later, Kidybinski (1981)
introduced a method to calculate W with the single-cyclic
loading-unloading uniaxial compression test. We; was measured
using the elastic strain energy and dissipated strain energy when
the exerted stress was approximately 0.8—0.9 times the peak
strength (o) of the coal specimens. Since then, this energy index
has been used by several researchers to analyze the burst prone-
ness of rocks. It has also been applied to rockburst risk evaluation in
rock mechanics and geotechnical engineering fields. Furthermore,
Wet has been incorporated into the energy industry standard of
China as a recommended index for assessing the rockburst risk in
2019 (NB/T 10143-2019, 2019), which signified the broad appli-
cation of We. Although W, has been generally accepted and widely
used, the rationality of the usage of Wt has not been proven. In
other words, the principle of the W calculation lacks theoretical
verification.

In this study, based on the LES law (Gong et al., 2018b; 2019b),
the rationality of W, used for evaluating rockburst proneness was
theoretically derived and verified. The experimental data on several
typical rocks with different degrees of burst proneness (e.g. high,
moderate, slight, and no burst proneness) were employed for
verification. Furthermore, the peak-strength strain energy storage
index (WJ, the ratio of elastic strain energy to dissipated strain
energy at the peak strength of rock (Gong et al., 2019a)) was
included for comparison. Based on the theoretical verification, Wk
was recommended to replace the conventional We; in assessing
rockburst proneness.

2. Brief description of We¢

Neyman et al. (1972) and Szecowka et al. (1973) proposed an
energy index to evaluate the burst proneness of coal. This index was
subsequently adopted by Kidybinski (1981) in deriving the strain
energy storage index (Wet) as follows:

UO‘S

Wet = —& (1)
Ug.S

where U28 and U338 are the elastic strain energy and dissipated
strain energy under the uniaxial compression of rock when the
exerted stress (o) reaches 80%—90% (i.e. i = 0.8—0.9, where i is the
unloading stress level) of the peak strength o, (Fig. 1). The initial
grading of W, is listed in Table 1.

In 1988, W, was adopted as a rockburst proneness index (Singh,
1988). As Wt has a simple mathematical form and is easy to obtain,
it has been frequently used by many scholars. The citation fre-
quencies of Wt in the literature from 1984 to 2020 are shown in
Fig. 2. The number of citations has increased sharply since 2004,
reaching 47 in 2020 (Fig. 2), indicating that the rockburst proneness
criterion, particularly We, has gained increasing attention.
Furthermore, We; has been widely used to evaluate rockburst
proneness in different disciplines, such as mining engineering,
geology, civil engineering, architecture, and water conservancy
engineering.

In 2019, energy industry standard of China (NB/T 101432019,
2019) adopted Wt as an evaluation index of the rockburst in-
tensity grade when in situ stress and related information was
lacking or unclear. The grading standard of We; for rock was also
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Fig. 1. Illustration of parameters used to calculate W,.
Table 1

The initial grading of We¢.

Range of We¢ Grading

Wet > 5.0 High burst proneness

2.0 < Wer < 4.99 Low burst proneness

Wee < 2.0 No burst proneness
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Fig. 2. Citation frequencies of W, in the literature.

provided. The burst proneness was divided into four levels and
measured based on loading—unloading tests with the unloading
stress level (i) of 0.7—0.8. The updated grading of W, is shown in
Table 2.

Table 2
The updated grading of Wk;.

Range of We¢ Grading

Wet > 5.0 High or extremely high burst proneness
35 < Wee < 5.0 Moderate burst proneness

20 < Wer <35 Slight/low burst proneness

Wer < 2.0 No burst proneness
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As mentioned above, Wt has been widely used in rock engi-
neering, indicating that this index has been generally accepted to
be useful in assessing rockburst proneness. However, deficiency of
Wet still exists. By comparing the two aforementioned determining
methods of We, it can be found that the difference exists in the
corresponding range of i when calculating We with ranges of 0.8—
0.9 and 0.7—0.8 in the first and second methods, respectively. These
two ranges have an overlapped value of 0.8 (Kidybinski, 1981; NB/T
10143-2019, 2019). The precise determining of the range of i leads
to a question: Why is the value of i approximating 0.8 used for
calculating We? Thus far, no relevant proof has been provided.
Furthermore, there has been no basis for determining the proper
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Ejected fragment
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reen sandstone (IMinated rock)* mo

White marble (met;
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interval of i at which the elastic strain energy and dissipated strain
energy can be considered reliable for computing We;. This problem
has not been solved from a scientific perspective, and no theoretical
verification of its rationality has been established. Therefore, we
aimed to demonstrate the basis of establishing We; using the LES
law of rock.

3. LES and linear energy dissipation (LED) laws of rock
From the energy point of view, the deformation of or damage to

rocks occur because of the combined effects of energy input, accu-
mulation, dissipation, and release. For a stressed rock element, the

Fig. 3. Typical rock specimens used for deriving the LES and LED laws: (a) Specimens before and after testing, and (b) Bursting scenarios of specimens (Gong et al., 2018b).
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Fig. 3. (continued).

input strain energy U, includes the elastic strain energy U. and
dissipated strain energy Uy. Their correlation and calculation formulae
can be expressed as follows (Kidybinski, 1981; Xie et al., 2005):

Uo = Ue + Ug
Ue = / fule)de | (2)
Us = [ flerde [ fulepde

0 £0

where £y denotes the permanent strain after unloading; e, refers to
the strain corresponding to the unloading stress; and f(¢) and fy(e)
are the functions describing the loading and unloading curves,
respectively (Fig. 1).

Based on the energy principle expressed in Eq. (2), the LES
and LED laws of rocks or coals under uniaxial compression were
developed (Gong et al., 2018b; 2019a; b, 2021). In this work, the
LES relationships of four representative rocks with different de-
grees of burst proneness were used for verifying the applicability
of Wet in rockburst analysis. Fig. 3 shows the four representative
rocks, which cover three major types (i.e. magmatic, meta-
morphic, and laminated rocks) with distinct degrees of burst
proneness (see the broken and bursting scenarios of the rock
specimens shown in Fig. 3). Fig. 4 shows the LES and LED laws of
rocks with high coefficient of determination, R%. The LES law is
interpreted as a linear correlation between the elastic strain en-
ergy and input strain energy. Similarly, the LED law shows a
linear correlation between the dissipated strain energy and input
strain energy (Gong et al., 2018b). The elastic, dissipated, and
input strain energies (mJ/mm?>) were used in the LES and LED

laws. They can be directly calculated by integrating the associated
segments in the resultant stress-strain curves (e.g. elastic strain
energy can be determined by integrating the unloading curve), as
illustrated by the shaded areas in Fig. 1. Fig. 4 shows their
correlative LES and LED laws. In essence, the LES and LED laws
should predict elastic and dissipated strain energies to be zero at
the initial state when the input strain energy is zero. Therefore,
the ideal theoretical equations for the LES and LED laws are
written as

UL = aU}

Uj = (1-a)Uj ©)

where U}, UL, and U} are the input, elastic, and dissipated strain
energies at the unloading stress level i (i = 0—1), respectively. The
variable ‘a’ represents the energy storage coefficient under uniaxial
compression (Gong et al., 2018b; 2019a).

In the analysis, a constant term, b, was generated in the LES and
LED laws when fitting the experimental data of rock specimens. The
generation of b is attributed to the discreteness and anisotropy of
specimens, and it appears to be smaller than a (Gong et al., 2018b).
Therefore, the general theoretical formulae of the LES and LED laws
can be expressed as

UL =
Ua

aUl +b

(1—aUi—b “

Additionally, we also verified the LES and LED laws using the
data under multiple cyclic loading-unloading uniaxial compression
tests from the stress-strain curves published by other researchers
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Fig. 4. Linear energy correlations for four representative rocks (Gong et al.,, 2018b): (a) Yueyang granite, (b) Green sandstone, (c) Black sandstone, and (d) White marble.

(Meng et al., 2016; Wang et al., 2018). They also match well with
relationships of LES and LED laws (Fig. 5).

Based on the above analysis, the LES and LED laws are universal
for different rocks. This can be supported by three observations:

(1) The LES and LED laws are independent of the type of rocks.
The evaluated rocks were of three major types: magmatic,
metamorphic, and laminated rocks. The evolutions of elastic
and dissipated strain energies against the input strain energy
of all types can be characterized using the LES and LED laws.

(2) They are independent of the mechanical properties of rocks.
Although the mechanical parameters (e.g. compressive
strength and modulus of elasticity) and elastic brittleness (or
plasticity) of rocks vary significantly, the LES and LED laws
can still be valid.

(3) The existence of LES and LED laws was also found to be in-
dependent of the rock failure patterns under one-
dimensional or two-dimensional loading conditions (Luo
and Gong, 20204, b; Su et al., 2021).

Therefore, we can use the LES and LED laws to verify the ratio-
nality of Wey, as discussed in the following section.

4. Analysis of We¢
4.1. Concept of strain energy storage ratio

The strain energy storage ratios include the ratio (Wi,) of
experimental elastic strain energy to dissipated strain energy, the
ideal theoretical strain energy storage ratio (W{fet), and the general
theoretical strain energy storage ratio (W¢_,,). They reflect the
variation in the ratio of elastic strain energy to dissipated strain
energy at different unloading stress levels. For a specific rock ma-
terial, W ., can be determined using Eq. (3) as

; Ui aUl

Wi, =2-_%o 5
P Ul (1-a)U )
Similarly, Wi _, can be obtained using Eq. (4) as
; Ut aUl +b

Wi =—&—=__""0 6
Cet Tyl (1-a)Ui-b ®)

By applying the general theoretical formulae of the LES and LED
laws, the elastic and dissipated strain energies at the peak strength
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Fig. 5. Verifications of LES and LED laws for (a) red sandstone (Meng et al., 2016) and
(b) granite (Wang et al., 2018).
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can be obtained accurately. In addition, the peak-strength strain
energy storage index (WE) is defined based on Gong et al. (2019a)
as

UP

p _ Ye

Wet - U_g (7)

where U? and Ug are the elastic and dissipated strain energies at

the peak strength of rock, respectively. UY and Ug are obtained

using the general theoretical equations of the LES and LED laws. The
related grading of W, is listed in Table 3.

4.2. Variation of We;

From the results obtained in the single-cyclic loading-unloading
uniaxial compression experiments, the dependence of the input
strain energy on i has been observed. Based on this relationship,
using Egs. (5) and (6), the variations in W}, and W{._,, with i can
be plotted, as shown in Fig. 6. For comparisons, the values of W,
Wi, and W¥, (WP, is the average of WP, value of the tested speci-

mens with the same rock lithology) are also included in Fig. 6.

Table 3
The related grading of WE.

Range of W Grading

WE > 5.0 High burst proneness
20< Wé’t <50 Low burst proneness
Wk <20 No burst proneness

When i was small, Wi, (directly calculated using the experi-
mental data) exhibited a significant degree of discreteness, and no
regular pattern between W, and i was observed (Fig. 6). As i
increased, a clear relationship between Wi, and i emerged, i.e. Wi,
converged to Wgt. In contrast, a noticeable correlation between
Wéfet and i can always be observed. When i was relatively small,
W{_oc was more affected by the constant b (see Eq. (6)), while it
was less affected by b when i was comparatively large (i > 0.4). For
extreme large value of i, the influence of b was weakened and
WL, gradually converged to W& However, W/ _,, was a constant
independent of i, as it was deduced from the ideal theoretical for-
mula in which the constant b was not included (see Eq. (5)). The
above difference occurred when i was small, when the absolute
magnitudes of both elastic and dissipated strain energies were low.
In this case, small changes in the amount of these two strain energy
parameters could significantly influence their ratios, and thus, Wi,
appeared to have no consistent correlation with i. The main reason
was that Wi, was sensitive at a low value of i. As i increased
gradually, the absolute magnitude of the measured elastic and
dissipated strain energies increased, and the sensitivity of Wi, to i
decreased. Thus, the convergence occurred gradually. For rockburst
problems, attention was generally focused on the obtained value of
WL, as i was larger than 0.8. This signifies that the parameter WY, is
stable and is a desired parameter for evaluating rockburst
proneness.

Furthermore, W("'}et exhibited a significant convergence trend
as i increased, and its value converged to W¥,, which was close to
Wi . indicating that WP, was relatively stable and the most
desired result (in Fig. 7, the relative deviation and absolute differ-
ence between W5 and Wi, are minimal). In addition, it was found
that when i was approximately 0.8, Wt was close to the corre-
sponding value of Wéfet (Fig. 8) and the associated Wgt. This
finding is our major focus in this study. Therefore, the desired value
of Wet can be deduced more precisely using the general theoretical
formulae, and the LES and LED laws provide theoretical support for
the rational determination of Wet.

5. Discussion
5.1. Stability of WP, with respect to input strain energy

Even for the same rock material under uniaxial compression, the
input strain energy required for rock specimens to reach their peak
strengths differed because of the variation of rock strength.
Therefore, we analyzed the variation of strain energy storage ratio
with input strain energy to examine the applicability of We; in
rockburst analysis (Fig. 9). In addition to the experimental data of
the four rocks above, those of the other four rocks (fine granite,
yellow granite, yellow sandstone, and marble (Fig. 9e—h)) are also
included for further examination (Gong et al., 2018b). Similar to the
previous analysis in Section 4.2, Wi, _, also converged to WY, over a
wide range of input strain energy (Fig. 9), showing a similar vari-
ation of Wéfet with i. This is because the constant b influences the
calculation of W¢,_.. When the input strain energy was relatively
small, W{._ ., was significantly influenced by b. Only when the input
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involve the constant b, it was a constant and was independent of
the magnitude of input strain energy. In addition, as the input strain
energy increased, WY, approached W{iet. The coefficients of varia-
tion (CoV) for the WP data for six specimens prepared from the
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Fig. 10. CoV values of peak-strength strain energy storage index W5,

same rock type are shown in Fig. 10. Compared with the CoV values
of peak strength, density, and P-wave velocity, the CoV of WE, data
were much smaller, suggesting that the W% data has little variation,
despite the change in input energy at rock failure. In other words,
W& was stable and suitable for characterizing the energy storage
capacity of the rock. These observations on convergence for the
input strain energy further demonstrates that W, t is better than We¢
when estimating the burst proneness of rocks. Based on the ana-
lyses, WY, is a preferred parameter in practice, considering that
rocks may exhibit heterogeneous behavior. In addition, W&, reflects
the relative magnitude of the stored energy and the dissipated
energy of rocks at the whole pre-peak loading stage, which can
replace Wt as a new index for evaluating rockburst proneness of
rock.

5.2. Deficiency of WP,

Although W, is relatively stable and shows apparent superiority
to Wy, it still has some dlsadvantages For example, according to
the gradings of Wer and W, the Yueyang granite, green sandstone,
black sandstone, and white marble are subject to high, low, no, and
no rock burst proneness, respectively. The assessments of green
sandstone and black sandstone differed from their actual rock burst
proneness (Fig. 3). This is because W, only reflects the ratio of
elastic strain energy to dissipated strain energy before the peak
strength is reached, and it fails to quantify the energy transfer state
from the peak strength to the post-peak bearing of rock specimens.
Expressed in a ratio, it only characterizes a relative magnitude of
the elastic strain energy to the dissipated strain energy, but cannot
directly reflect an absolute energy state to describe rockburst po-
tential. Hence, this index can only indicate the capacity of relative
energy storage to energy consumption, and the absolute kinetic
energy cannot be characterized when the rockburst occurs.

6. Conclusions

Based on the LES law in the uniaxial compression of rock, the
rationality of determining the strain energy storage index (We¢) was
verified theoretically in this study. It was observed that Wt
consistently correlated with the corresponding Wéfet. Further-

more, W‘G ot converged to the peak-strength strain energy storage

, peak strength, density, and P-wave velocity of eight rocks.

index (WX) as the unloading stress level or input strain energy
increased, and WE, more precisely approximated to the corre-
sponding WLet than Wee. These findings demonstrate that W2
outperforms the conventional Wet, and thus W% can be satisfac-
torily used as a substitute index of W for evaluating rockburst

proneness of rock.
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List of symbols

a Compression energy storage coefficient
b Constant term
fle) Function describing the loading curve

Function describing the unloading curve
Unloading stress level
a Exerted stress

fu(e)
1

oc Peak strength

€0 Permanent strain after unloading

ey Strain corresponding to the unloading stress level

R? Coefficient of determination

Uq Dissipated strain energy

Ug‘g Dissipated strain energy under rock uniaxial compression
when the exerted stress (¢) reaches (0.8—0.9)o.

Ui Dissipated strain energy at unloading stress level of i

UE Dissipated strain energy at rock peak strength

Ue Elastic strain energy

uos Elastic strain energy under rock uniaxial compression
when the exerted stress (o) reaches (0.8—0.9)g

UL Elastic strain energy at unloading stress level of i
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upP Elastic strain energy at rock peak strength

Uo Input strain energy

Uj Input strain energy at unloading stress levels of i

Wet Strain energy storage index

Wi, Experimental elastic strain energy to dissipated strain
energy ratio

Wgt Peak-strength strain energy storage index

wh, Average of WE

W(i}—et General theoretical strain energy storage ratio

W{_et Ideal theoretical strain storage energy ratio
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