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Abstract
Deep mining and drilling activities typically trigger significant deformation of coal/rock roadway and even coal/rock dynamic 
hazards, which has attracted considerable attention. Hence, in this article, the mechanics and failure properties of intact coal 
are examined through triaxial compression tests and creep tests. First of all, triaxial compression experiments demonstrated 
that the complete stress–strain curves of intact coal are characterised by Class-I behaviour; and the post-peak modulus is 
negative. Second, with increasing confining pressure, peak strength and residual strength rise linearly, whereas elasticity 
modulus and peak strain increase as a power function form. Thirdly, compared with conventional triaxial load, tiered cyclic 
load can stiffen the strength of intact coal. Moreover, the data of creep tests are successfully fitted to the Burgers model. 
Maxwell elasticity modulus is significantly smaller than other creep parameters; Maxwell viscosity coefficient shows a 
positive correlation with deviatoric stress. Contrarily, Kelvin elasticity modulus and Kelvin viscosity coefficient drop with 
the rise in deviatoric stress. Additionally, with increasing deviatoric stress, single-step creep strain and average creep strain 
rate, proposed in this study, increase in a power function form. Finally, failure characteristics of intact coal under triaxial 
stress could be classified into four types (mainly shear failure and multiple shear fractures). The failure-plane angle generally 
linearly increases with the rise in confining pressure applied.

Keywords  Intact coal · Complete stress–strain · Creep · Conventional triaxial load · Tiered cyclic load · Failure 
mechanisms

Abbreviations
B	� The ratio of circumferential strain to axial strain
c	� Cohesion
D	� Cylinder diameter
E	� Elasticity modulus
EK	� Kelvin modulus
EM	� Maxwell modulus
ki	� Post-peak modulus
L	� Cylinder length
q	� Axial deviatoric stress

t	� Time
�	� Failure-plane angle
𝜀̇c	� Average creep rate
�1	� Axial strain
�creep(t)	� Axial strain evaluated a certain time instant t
�3	� Circumferential strain
�p	� Peak strain
�c	� Single-step creep strain
�K	� Kelvin viscosity
�M	� Maxwell viscosity
�	� Poisson’s ratio
�n	� Effective normal stress imposed on the failure 

plane
Δ�s	� Intensity difference
�2	� Intermediate principal stress
�1	� Major principal stress (axial stress)
�3	� Minor principal stress (confining pressure)
�p	� Peak strength
�r	� Residual strength
�	� Internal friction angle
CTL	� Conventional triaxial load
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SEM	� Scanning electron microscope
TCL	� Tiered cyclic load
TCS	� Triaxial compression strength

1  Introduction

In underground mining engineering, the coal/rock mass 
response to mining-induced stresses and time-dependency 
may result in significant deformation or even instability fail-
ure, posing severe threats to mine operators and infrastruc-
ture (Hamza and Stace 2018; Tu et al. 2019). For instance, a 
pressure burst took place at the Austar Coal Mine, Australia 
in 2014, causing fatal injuries to two mine workers (Bruce 
and Jim 2017). A rock burst occurred at the Qianqiu Coal 
Mine, China in 2011, and resulted in 10 deaths as well as 
trapping 75 people (Li et al. 2016). An understanding of 
the changes in geo-mechanical parameters and the failure 
features of coal has been considered essential for the further 
development of underground mine design. It will also pro-
vide valuable input to the prediction and subsequent control 
measures for coal/rock dynamic hazards.

In recent decades, scholars have intensively investigated 
the mechanical features (e.g. complete stress–strain curves) 
of coal/rock mass from various perspectives. It is widely 
accepted that contributory factors such as confining pressure 
( �3 ), applied stress level, and cyclic loading may strongly 
affect the mechanics and failure properties of coal. Several 
studies have shown that according to the differences appar-
ent in the post-peak area, the complete stress–strain curves 
of rock can be classified into two categories: Class-I and 
Class-II (Gu et al. 2019; Wawersik and Fairhurst 1970; Zhou 
et al. 2018). Two post-failure characteristics exhibit a strain 
rate sensitivity. Wawersik and Fairhurst (1970) declared that 
Class-II failure behaviour could not be controlled only by 
stiffening the testing machine because failure would pro-
ceed even though the machine stiffness is infinite. Recently, 
built on the Class-I stress–strain curve, Zhou et al. (2018) 
tested three types of rocks (marble, black sandstone, and 
red sandstone) under different stress states and found the 
strength increased with the rise in �3 . Moreover, Zhao (2000) 
intensively reviewed and compared the application of the 
Mohr–Coulomb and Hoek–Brown strength criteria to the 
dynamic strength of brittle rock. It is suggested that the 
Mohr–Coulomb strength criteria can be applied to dynamic 
triaxial strength in the low �3 ranges.

Furthermore, coal/rock mass is usually subjected to cyclic 
and even dynamic stress during vibration from blasting, 
drilling, or adjacent coal seam mining. Thus, it is of consid-
erable significance to study the impacts of cyclic loads on 
the mechanical behaviours of coal. Fuenkajorn and Phueak-
phum (2010) evaluated the effect of cyclic loading on the 
elasticity, compression strength, and time dependency of salt 

rock. The experiments demonstrated that the visco-plastic 
parameters calculated from the cyclic loading test are less 
than those under static loading. Recently, Jiang et al. (2017) 
also explored the impact of cyclic stress on gas-containing 
coal in terms of acoustic emission (AE) characteristics, seep-
age, and energy dissipation, but the time-dependent behav-
iour and destructive features of coal were not addressed.

During deep mining, creep of discontinuities is a part 
of the fundamental properties for coal and rocks, which is 
prone to contribute to the large deformation of coal/rock 
roadway, or even coal bump or rockburst (Bruce and Jim 
2017; Cai et al. 2019; Jia et al. 2018; Zhan et al. 2020). 
Delay failure may take place several days or years after exca-
vation. In rock mechanics and rock engineering, for instance, 
Nicolas et al. (2017) investigated the brittle and semi-brittle 
creep of Tavel limestone deformed at ambient temperature, 
and they stated that deformation and failure type depends 
on �3 . Soon afterwards, Hamza and Stace (2018) conducted 
creep tests on intact and fractured muddy siltstone under 
confinement (σ3 = 0–6 MPa). Regression analysis revealed 
that the Burgers model is suitable to predict the creep behav-
iour. Indeed, the deformability strongly depends on the stress 
level applied and the time allowed for the coal or rocks to 
creep. Sone and Zoback (2013) studied the ductile creep 
behaviour, elastic modulus, and brittle strength of shale-gas 
reservoir rocks. They demonstrated that visco-plastic creep 
strain is roughly linear with the imposed deviatoric stress. 
Subsequently, Rassouli and Zoback (2018) carried out the 
comparison of short-term (4-h) and long-term (4-week) 
creep tests in clay- and carbonate-rich shale samples in a 
time-cyclical manner. The experimental results revealed that 
regardless of the applied stress history, the shale samples 
creep following a single trend through time, and the power 
law can estimate this relation. In mining engineering, for 
example, based on the short-term and creep tests on coal 
samples, Yang et al. (2015) put forward a nonlinear dam-
age model. Additionally, Sun et al. (2019) investigated the 
stability of a typical coal roadway and revealed its rheologi-
cal property. More recently, Zhan et al. (2020) analysed the 
instability mechanism of a soft-rock coal roadway with a 
buried depth of 1336 m. They noted that the convergence 
trend of omnidirectional, rheological, and large deformation 
is the main feature for the in-depth roadway simultaneously 
accompanied by a ‘domino effect’. In general, numerous 
meaningful numerical and qualitative relationships to inter-
pret the rheological feature of coal or rocks were obtained 
through these publications. The fracture mechanics of coal, 
however, were neglected; in particular, the failure mecha-
nism of coal during compression and creep processes.

Investigating the failure mechanism of coal is vital for the 
safety of mining activities. In the rock mechanics field, Jae-
ger et al. (2007) systematically summarised the failure mode 
of rocks with uniaxial/triaxial compressive and uniaxial 
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tensile stress. Ma and Haimson (2016) examined the failure 
properties of two porous sandstones subjected to true triaxial 
stresses. Their experiments revealed the energetic influence 
of the intermediate principal stress ( �2 ) on the failure of 
porous sandstone, whereas true triaxial stress tests are hard 
to achieve in the ordinary laboratory. Afterwards, Mansouri 
and Ajalloeian (2018) observed the macroscopic morphol-
ogy and microscopic features of salt specimens after failure 
under uniaxial compression and creep trials. They deemed 
that grain boundary cracking and grain boundary sliding 
are the dominant deformation mechanisms. Simultaneously, 
Zhao et al. (2018) discovered that the failure-plane angle 
( � ) of Jinping marble samples change almost linearly with 
changing �2 . In terms of the mining field, Tu et al. (2019) 
compared tectonic and intact coal specimens under compres-
sion and evaluated the role of tectonic coal in coal and gas 
burst. Yang et al. (2020b) recently analysed the average par-
ticle ejection velocity of coal burst depending on the frag-
ments of coal specimens under uniaxial stress. Moreover, 
it is widely accepted that coal is a kind of complicated and 
porous material containing numerous randomly distributed 
flaws and pores in different scales (Gu et al. 2019). The 
type and pressure of the gas may impact the mechanical 
features (Li et al. 2019; Xie et al. 2017; Zhang et al. 2019a). 
Viete and Ranjith (2006) showed that uniaxial compression 
strength and elastic modulus ( E ) of brown coal decreased 
due to the absorption of CO2, with no evident triaxial com-
pression strength (TCS) or E decrease in the triaxial experi-
ments. Subsequently, Masoudian et al. (2014) suggested that 
72 h (CO2 injection time) is a reasonable time to permit 
the influence of CO2 to develop (for the coal sample of the 
size 25 × 50 mm). However, failure properties, especially the 
failure-plane angle � of coal, have been neglected in recent 
documents (Masoudian et al. 2014; Tu et al. 2019; Zhang 
et al. 2019b).

Although extensive research has been conducted on 
mechanical and failure features of the rocks, minimal 
investigations exist which simultaneously deal with the 
stress–strain, creep, and failure characteristics, especially � , 
for intact coal under various �3 and loading paths. Therefore, 

this paper focuses on the mechanical properties (e.g. brit-
tle strength, peak strain, and elasticity modulus), creep, and 
failure mechanisms (e.g. post-peak modulus, failure patterns, 
and � ) of intact coal under different �3 and triaxial load-
ing paths (conventional triaxial load and tiered cyclic load). 
Unless otherwise specified, tiered cyclic load (TCL), in this 
paper, represents both the load in the tiered cyclic compres-
sion and tiered cyclic creep trials. Similarly, the same is 
genuine for the conventional triaxial load (CTL). The find-
ings will provide a framework to assess the geomechanics 
and failure mechanisms of coal mass and are of great signifi-
cance for mine engineering design and the prevention and 
control of coal/rock dynamic hazards.

2 � Experimental

2.1 � Material

The coal material (see Fig. 1) used in the present work was 
collected from the third coal seam of Yuwu Coal Mine, 
located south of Shanxi province, China. The basic physi-
cal parameters of the coal material are as follows: volatile 
matter content Vdaf = 11.74%, moisture content Mad = 1.15%, 
ash content Aad = 5.25%, as well as fixed carbon content 
FCad = 82.61%. It signifies that the tested material belongs 
to lean coal (a kind of bituminous coal).

In rock mechanics and rock engineering, it is recognised 
that the initial geometry of the pre-existing bedding planes 
or bedding dip angles has substantial impacts on the frac-
ture mechanics concerning rocks (Berčáková et al. 2020; 
Ding et al. 2020; Li et al. 2020; Pan and Lü 2018; Shen 
et al. 2020; Wang et al. 2016; Yang et al. 2020a; Zhou et al. 
2017). Coal, as one of the sedimentary rocks, however, has 
an extremely complex internal structure (Kong et al. 2019). 
The micromorphology inside coal material used in this study 
was examined using scanning electron microscope (SEM) 
technology. As detailed in Fig. 2, the general observation 
of micrographs shows the anisotropy of coal. The random 
appearances of geometrical structures, such as weak shear 

Fig. 1   Necessary information on experimental material: a one of the original coal blocks sourced from the coal mine; b coal blocks after being 
cored; c standard intact coal samples without macroscopic bedding planes
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planes, irregular micropores, and irregular grains, are the 
main features (yellow arrows in Fig. 2). Hence, for the sake 
of minimising the effect of bedding planes and bedding dip 
angles, we cored along the perpendicular orientation of 
intact coal blocks (Tu et al. 2019).

Furthermore, cores, 50 mm in diameter, were carefully 
drilled from similar coal blocks in the laboratory to reduce 
any variability in mechanical properties. Cylindrical speci-
mens (Fig. 1c) were trimmed to a length-to-diameter (L/D) 
ratio of 2 following the procedures outlined by the Inter-
national Society for Rock Mechanics (ISRM) (Hamza and 
Stace 2018). Lastly, the coal samples were dried at 105℃ for 
24 h to eliminate the influence of humidity.

2.2 � Equipment

The majority of mechanical tests, in the present study, were 
carried out employing the ‘RLW-500G coal/rock triaxial 
creep-seepage experimental system’ (Wang et al. 2019), as 

shown in Fig. 3. The maximum axial load and maximum lat-
eral pressure ( �3 ) are 500 kN and 50 MPa, respectively. The 
experimental data, for example, stress–strain, gas pressure, 
gas seepage, and acoustic emission (AE), can be recorded 
directly through the data acquisition system.

2.3 � Methods

The primary purpose of this work was to investigate the 
complete stress–strain, creep, failure mechanisms of gas-
containing intact coal under different �3 and loading paths 
(including CTL and TCL simultaneously). Initially, four-
set triaxial compressive tests (i.e. σ3 = 2, 4, 6, 8 MPa) were 
conducted to examine the influence of �3 on the stress–strain 
and failure features of gas-bearing (N2) intact coal. The axial 
stress was imposed at a rate of 30 N/s during the experi-
ments. Following on, the compression experiment using CO2 
was performed on the coal sample (YW0111) subjected to 
the same pressures (σ3 = 2 MPa, p1 = 1 MPa). Then, the tiered 

Fig. 2   Micrographs of three randomly selected observation zones 
within original coal material. Zone1: a micropores appear in the 
general observations (SEM 50 times); b weak shear planes (or shear 
cracks) and irregular grains are the main features (SEM 5,000 times); 
c shear planes of weakness with various intersection angles (SEM 
100,000 times). Zone2: d microfissures are observed (SEM 50 times); 

e irregular grains and micropores are obvious (SEM 5000 times); 
f partial area is characterised by laminated planes and irregular 
micropores (SEM 10,000 times). Zone3: g the overall morphology is 
uneven (SEM 50 times); h semi-closed pores and irregular grains are 
identifiable (SEM 5000 times); i this zone is characterised by anisot-
ropy, e.g. irregular laminated planes (SEM 30,000 times)
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cyclic compression test was carried out under the same con-
ditions (σ3 = 2 MPa, p1 = 1 MPa). It was noticed that tiered 
cyclic compression is a particular method of cyclic loading 
that the axial stress amplitude increases monotonously from 
one cycle to the next cycle (Jiang et al. 2017). In the tiered 
cyclic compression tests, the rate of loading and unloading 
was also held constant (30 N/s).

In most events, the previous Refs. (Hou et  al. 2019; 
Rassouli and Zoback 2018; Yang et al. 2015; Zhang et al. 
2019a) mainly adopted either conventional multistage creep 
or tiered cyclic creep to examine the creep behaviour or 
damage changes of coal/rock. In the current paper, those 
two methods were employed simultaneously to explore 
the time-dependent behaviour of intact coal (bearing gas) 
under the same circumstances (σ3 = 2 MPa, p1 = 1 MPa). 
The maximum axial stress applied to the coal specimen 
increased from one cycle to the next cycle, while �3 was 
kept constant in the tiered cyclic creep test. According to 
the triaxial compression results of the sample subjected to 
σ3 = 2 MPa, the deviatoric stress ( q = �1 − �3 ) was applied 
stepwise within the range from 40 to 90% of TCS until fail-
ure occurred. The experiments were performed at ambient 
temperature (26 ± 2 ℃). A total of eight out of ten samples 

were successfully measured. The specific experimental pro-
cedures are shown in Table 1.

3 � Results

3.1 � Complete Stress–Strain Curves

It is generally accepted that the complete stress–strain curves 
of rocks under conventional compression can be divided into 
five segments: (1) viscoelastic deformation (pore and fis-
sure closure); (2) quasi-linear elastic deformation; (3) crack 
growth and damage accumulation (yield stage); (4) post-
peak softening; (5) residual strength (Alkan et al. 2007; 
Pepe et al. 2018; Yang et al. 2015). As illustrated in Fig. 4, 
regardless of loading paths and �3 , intact coal experienced 
the above deformation stages in the compressive experi-
ments. Overall, TCS increases with the rise in �3 . When �3 
is 2, 4, and 8 MPa, TCS for samples YW012, YW013, and 
YW014 is 23.84, 32.08, and 43.75 MPa, respectively. TCS 
for sample YW013 is over 34.56% higher than that of sample 
YW012, whereas lower than that of sample YW014.

Fig. 3   RLW-500G electrohy-
draulic servo-controlled coal/
rock mechanics testing system 
and assembled coal specimen: 
a RLW-500G testing system; b 
an assembled coal sample (two 
layers of heat-shrink rubber on 
the sample outside to prevent 
gas leakage)

Table 1   Geometric information 
of coal samples and the 
experimental projects

CO2 (99.99%) was used in the test of sample YW0111, and N2 (99.99%) in other trials. Gas pressure was 
maintained in all trials ( p

1
 = 1 MPa). Moreover, samples with unsaturated adsorbed gas were adopted in all 

experiments, which could examine the coupling relation between gas seepage and deformation of the coal 
matrix

Sample no L (mm) D (mm) Test type σ3 (MPa)

YW012 99.66 49.20 Conventional triaxial compression 2
YW013 99.80 49.10 4
YW015 99.30 49.94 6
YW014 99.22 49.50 8
YW0111 99.02 49.20 2
YW019 99.10 49.00 Tiered cyclic compression 2
YW01101 100.00 49.22 Conventional multistage creep 2
YW0112 99.80 49.12 Tiered cyclic creep 2
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Secondly, it seems that tiered cyclic compression can 
enhance the strength of an intact coal sample. As shown in 
Fig. 4, TCS of sample YW019 is 25.28 MPa, greater than 
that for sample YW012 (23.84 MPa). Also, a the gas with 
strong adsorption capacity (CO2) was utilised in the com-
pression test on sample YW0111. From Fig. 4, it can be seen 
that the TCS for sample YW0111 is 24.30 MPa, marginally 
higher than that of sample YW012. The peak strain of sam-
ple YW0111 (0.747%) is also greater than that of sample 
YW012 (0.636%).

In most cases, the intact coal samples show the Class-
I failure properties in terms of the complete stress–strain 
curves. It is characterised by ‘stable’ fracture propagation 
and retains some strength even after the peak strength has 
been exceeded; this failure can be controlled. In contrast to 
this ‘stable’ fracture development, the destruction of Class-
II is self-sustaining. The elastic energy stored in the coal 
interior when the applied stress equals the peak strength is 

enough to maintain fracture development until the coal has 
lost all virtual strength. In this case, the failure cannot be 
arrested unless the strain energy is removed.

Moreover, the post-peak modulus ( ki ) referring to the 
slope of the line from the peak strength point to the initiation 
point of the residual strength (Zhou et al. 2018) is introduced 
here. The Class-I curve is characterised by negative ki , while 
the Class-II curve is characterised by a positive ki . As sche-
matically indicated in Fig. 4, the post-peak modulus of all 
coal sample is negative ( ki < 0, i = 1–6). The axial strain of 
each coal sample increases monotonously in the post-peak 
area, and strain softening emerges until the coal reaches the 
residual deformation area.

3.2 � Creep Curves

Comparison of Figs.  5 and 6 shows that regardless of 
conventional multistage creep or tiered cyclic creep, the 

Fig. 4   Stress–strain relation 
of intact coal specimens under 
triaxial compression tests
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deformability of intact coal depends significantly on the 
applied deviatoric stress ( q ). From Fig. 5, we can observe 
that the axial strain of sample YW01101, owing to the loads 
at the previous three stable creep stages, increases firstly 
from 0.4% to 0.5%, and then goes up to 0.6%, and eventually 
rises sharply to 1.1% until failure occurs with the gradual 
enlargement of q. Meanwhile, the stress level of q at the first 
three creep stages is 11.13, 13.76, and 16.39 MPa, respec-
tively, which approximately accounts for 46.7, 57.7, and 
68.8% of the TCS of the sample YW012. The brittle fracture 
takes place as soon as q moves up to 18.52 MPa in the last 
stage; subsequently, q rapidly drops to below 14 MPa (see 
Fig. 5). The peak strength (18.52 MPa) of sample YW01101 
appearing in the last loading stage is close to 77.7% of the 
TCS (23.84 MPa) for sample YW012.

Furthermore, compared with conventional multistage 
creep, that of tiered cyclic creep turns out to be more sig-
nificant in terms of peak strength. As shown in Fig. 6, the 
peak strength of sample YW0112 is 24.29 MPa, over 31% 
greater than that of sample YW01101. This finding is in line 
with the result in the triaxial compression tests where TCS 
of sample YW019 is higher than that of sample YW012. It 
is evident that compared with the CTL, TCL can stiffen the 
strength of intact coal samples based on the observations in 
the compression tests and creep tests.

In addition, Fig. 6 indicates that although q was unloaded, 
axial strain in the previous three unloading phases increased 
from one cycle to the next cycle. The corresponding axial 
strain is approximately 0.10, 0.11, and 0.12%, respectively. 
A possible explanation for this might be that although the 
elastic strain energy is released in the unloading stage, the 
dissipated energy in the coal interior is cumulative. Then, 
due to energy accumulation and energy dissipation, the dam-
age is continually amassed (Jiang et al. 2017). Meanwhile, 
microcrack propagation and visco-plastic deformation occur, 
which triggers the increment of axial strain stepwise.

4 � Discussion

4.1 � Peak Strength, Residual Strength, and Intensity 
Difference

Mechanical parameters such as peak strength ( �p ), residual 
strength ( �r ), elastic modulus ( E ), and peak strain ( �p ) play 
an essential role in the stability evaluation of coal. As dis-
cussed in Sect. 3.1, �p and �r of coal are strongly depend-
ent on q and the loading path, which is in general agree-
ment with prior works of Ref. (Heap et al. 2009; Rassouli 
and Zoback 2018). It should be noticed that both the peak 
strength and residual strength refer to the axial stress rather 
than the deviatoric stress ( q ). Here, we put forward the inten-
sity difference ( Δ�s ) defined as the difference in �p and �r , 
i.e.

From Fig. 4, on the basis of elastoplastic mechanics, the 
mechanical parameters can be calculated, as represented in 
Table 2. Comparing Fig. 4 and Table 2 shows that �p and �r of 
sample YW019 are higher than those of sample YW012. This 
finding shows an agreement with the analysis that TCL can 
improve the strength of intact coal, as discussed in Sects. 3.1 
and 3.2. Additionally, the mechanical parameters �p , �r , E , 
and �p from sample YW0111 are also more significant than 
those from sample YW012. It is anticipated that the absorption 
of CO2 may change the elastic modulus or even the strength 
of the coal sample (Li et al. 2019; Masoudian et al. 2014; 
Viete and Ranjith 2006). However, in the current paper, a coal 
specimen with unsaturated adsorption gas was used; thus, no 
systematic investigation was performed to handle this infor-
mation. It is suggested that in future work, allowing the coal 
to adsorb gas for as long as maybe 72 h and then measur-
ing the coal deformation and gas permeability under different 

(1)Δ�s = �p − �r.

Fig. 6   Tiered cyclic creep curve 
for the coal sample YW0112
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confinements would be beneficial to assess the influence of 
CO2 on the mechanics of coal.

As mentioned previously, the main aim of this work was 
to examine the effects of �3 and loading paths (CTL and 
TCL) on the stress–strain, creep, and failure features of intact 
coal. Therefore, along with the test data (excluding sample 
YW019 and YW0111), we will evaluate the impact of �3 on 
the mechanical parameters (including �p , �r , Δ�s , E , and �p ) 
in Sect. 4.1 and 4.2 in turn.

The Mohr–Coulomb strength criterion is well established 
and widely used in geotechnical engineering application, such 
as rock engineering modelling and design (Si et al. 2019; Zhao 
2000). The initial concept of the Mohr–Coulomb strength cri-
terion signifies that the shear strength of rocks comprises two 
parts: a constant cohesion and friction varying with normal 
stress. According to the Mohr hypothesis, destruction emerges 
on a critically oriented plane when the shear stress on this 
plane reaches the shear strength which can be expressed as:

where � is the shear strength, �n is the effective normal stress 
acting on the fracture plane, as well as c and � which is the 
cohesion and internal friction angle of rock material, respec-
tively. The Mohr–Coulomb strength criterion was elaborated 

(2)� = c + �n tan�,

upon by Zhao (2000). The orientation of the failure critical 
plane can be deduced by

where � is the intersection angle of the direction between the 
minor principal stress ( �3 ) and the shear plane (also known 
as the failure-plane angle). In terms of effective principle 
stresses (Ma et al. 2013; Renani and Martin 2020), the 
Mohr–Coulomb strength criterion can also be given by:

It can be perceived from Eqs. (2) and (4) that the 
Mohr–Coulomb criterion may predict a linear relation-
ship between axial stress and �3 at failure.

In the light of the Mohr–Coulomb criterion, we vali-
date the relationship between the coal strength ( �p and �r ) 
and �3 using the experimental data of conventional triaxial 
compression (excluding sample of YW0111 and YW019). 
As plotted in Fig. 7, both the �p and �r for coal overall 
linearly increase with the rise in �3 . This relationship can 
be expressed by:

(3)� =
�

4
+

�

2
,

(4)�1 =
2c cos�

1 − sin�
+ �3

1 + sin�

1 − sin�
.

Table 2   Mechanical parameters 
of coal under the triaxial 
compression regime

Sample no �p(MPa) �r(MPa) Δ�s(MPa) E(GPa) �p(%) �3(MPa)

YW012 25.84 11.60 14.24 4.394 0.636 2
YW013 36.08 25.11 10.97 4.805 0.845 4
YW015 46.31 27.32 18.99 5.296 0.844 6
YW014 51.75 38.03 13.72 5.062 0.995 8
YW0111 26.30 13.80 12.50 4.675 0.747 2
YW019 27.28 16.87 10.41 – 0.661 2

Fig. 7   Linear fitting results of 
�p and �r of intact coal under 
different �3
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and

respectively. Good regression coefficients of R2 = 0.9825 and 
0.9390 are calculated for �p and �r , respectively.

Then, the internal friction angle can be determined by com-
bining Eqs. (4) and (5), i.e. � = 39◦ . Although � calculated 
by this method has been usually a constant value (Zhou et al. 
2018), it is reasonable to estimate �p and �r of intact coal using 
the Mohr–Coulomb criterion. This finding is broadly in good 
agreement with the previous study (Yang et al. 2015). In addi-
tion, the rupture angle of coal can be calculated, i.e. � = 64◦ , 
which will be further discussed in Sect. 4.5.

Moreover, the stress in the post-peak area drops drastically. 
Thus, the concept of the intensity difference ( Δ�s ) is proposed 
here. Comparing Figs. 7 and 8 shows that although �p and �r 
exhibit a linear relationship with �3 , Δ�s seems to have no 
dependence on �3.

4.2 � Elastic Modulus and Peak Strain

The elastic modulus ( E ) is one of the vital mechanical param-
eters reflecting the coal deformation characteristics. The E for 
coal under triaxial stress state can be calculated by (Zhang 
et al. 2019b):

(5)�p = 4.398�3 + 18.01

(6)�r = 4.075�3 + 5.14,

(7)E =
�1 − 2��3

�1
,

where � is Poisson’s ratio under the triaxial stress state; �3 
is the circumferential strain; B represents the ratio of cir-
cumferential strain to axial strain. Because E and � are con-
stant at the linear elastic deformation stage, we can figure 
out the E for coal samples calculating the slope of the line 
ranging from 40 to 50% of TCS in Fig. 4. And E for coal 
samples under conventional triaxial stress (excluding sample 
YW019) is presented in Table 2. It shows that with increas-
ing �3 , E also increases nonlinearly, from 4.394 to 5.062 
GPa.

Yang et al. (2012) stated that the power function could 
describe the influence of �3 on E for red sandstone. As exhib-
ited in Fig. 9, thus, the power function is also employed 
to depict the relationship between E of intact coal and �3 
(except for the sample YW0111 and YW019). According to 
the nonlinear regression analysis, we can obtain the equa-
tion as follows:

with a reasonable goodness of fit (R2 = 0.8025).
Additionally, recent studies (Yang et al. 2015; Yin et al. 

2015) seem to neglect the effect of �3 on the peak strain 
( �p ) of intact coal (bearing gas). Figure 9 shows that with 
increasing �3 , �p also increases in a power function form:

with a good regression coefficient of R2 = 0.9123.

4.3 � Creep Strain and Strain Rate

The deformation of coal is sensitive to stress (e.g. uniaxial 
or triaxial compression) and time (such as creep and relaxa-
tion). In general, the idealised creep curve usually exhib-
its four principal phases: (1) instantaneous elastic strain 
because of instantaneous load; (2) transient creep with 
sharp strain increments, but at a decelerated strain rate; 
(3) secondary creep at low, or near-constant strain rate; (4) 
possible accelerated creep with rapid strain increment until 
failure occurs, which would cost more given the extended 
time conducting laboratory experiments (Hamza and Stace 
2018). It is almost unrealistic to achieve the ideal tertiary (or 
accelerated) creep through prejudging the deviatoric stress 
( q ) and the time given for the coal to creep. Throughout the 
experimental program, as depicted in Figs. 5 and 6, the coal 
samples did not experience the ideal tertiary creep within 

(8)� =
B�1 − �3

�3(2B − 1) − �1
,

(9)B =
�3

�1
,

(10)E = 4.09�0.1187
3

,

(11)�p = 0.5309�0.2928
3

,

14.24

10.97
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Fig. 8    Δ�s versus �3 for conventional triaxial compression tests
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the timescale. Therefore, the accelerated creep is out of the 
scope of this paper.

To recognise the accuracy of creep deformation during 
the conventional triaxial creep test and tiered cyclic creep 
test, we redraw the typical creep curves in Figs. 10 and 11, 
respectively. It should be pointed out that the strain–time 
curves are adjusted to zero intercepts. In most cases, when 
an instantaneous deviatoric load is imposed on the coal, the 
axial strain shows a jump, e.g. the AB stage in Fig. 10. When 
the imposed deviatoric stress q is held constant, the primary 
creep appears at a decelerating strain rate, i.e. BC segment, 
where point B is the initiating point of creep. With the exten-
sion of time, the secondary creep (steady-state creep) would 
be apparent (CF curve). If the time allowed is long enough, 
the coal may gradually transition from steady-state creep to 
tertiary creep (accelerated creep). Because of the restriction 
of the laboratory conditions, there is not any accelerated 
creep in a limited time domain. From Figs. 5 and 6, we can 

observe that q rises sharply to the maximum value first and 
then drops abruptly during the final loading process, indi-
cating the appearance of the failure. As shown in Fig. 11, 
the creep is triggered at the point J, where the load is kept 
constant. During the unloading process (e.g. at NP segment 
in Fig. 11), there is no noticeable creep due to the low-stress 
level (the axial stress and confining pressure is just 2.05 MPa 
and 2 MPa, respectively). Additionally, from Fig. 6 it can 
be seen that even though the axial stress is held constant 
(2.05 MPa) at the first three unloading stages, the axial 
strain (with respect to the NP line in Fig. 11) is 0.10, 0.11, 
and 0.12%, respectively, which shows a gradually increas-
ing trend. It is reasonable to assume that the previous load 
may contribute to the plastic deformation and accumulative 
damage.

This paper promotes single-step creep strain ( �c ) which 
refers to the strain difference between the end point of sec-
ondary creep and the initiating point of transient creep, 

Fig. 9   Power fitting curves of E 
and peak strain �p of intact coal 
under different �3
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Fig. 10   Typical curve of 
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for instance, the strain difference between points F and B 
(Fig. 10), or points M and J (Fig. 11). Similarly, in the pre-
sent study, the average creep rate ( 𝜀̇c ), defined as the arith-
metic average of creep strain rate (including the whole pro-
cess of transient creep and secondary creep), is introduced, 
e.g. the average creep rate of the BF curve in Fig. 10 is 
1.196 × 10−4%/min. According to the experimental data, we 
can calculate �c and 𝜀̇c , as presented in Table 3.

The results in Table 3 demonstrate that �c and 𝜀̇c depend 
highly on both the time and stress applied to the coal sam-
ples. Overall, more significant stress or sufficient time inter-
vals may trigger more considerable �c and 𝜀̇c . This finding 
is in line with previous studies (Hamza and Stace 2018; Jia 
et al. 2018). In addition, Hamza and Stace (2018) found 
a power-law function can best express the relationship 
between the secondary creep strain rate and q for the frac-
tured siltstone. Based on the creep data sourced from sample 
YW01101, the power function is employed here to fit the 
relationship between �c and q:

(12)�c = 5.358 × 10−4q1.302,

with a good regression correlation (R2 = 0.9317). From 
Fig. 12 it can be seen that 𝜀̇c also increases by rising a q 
value; this relation can be described by the following equa-
tion (R2 = 0.8322):

Fig. 11   Typical curve of tiered 
cyclic creep, considering the 
specimen YW0112 at the sec-
ond cycle as an example
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Table 3   Single-step creep 
strain �c and average creep rate 
𝜀̇c for samples YW01101 and 
YW0112

a Creep data of the first 53 min corresponding to the IM line in Fig. 11 is missing due to a minor mechani-
cal fault. The single-step creep strain in the first cycle cannot be estimated accurately. But it does not affect 
the analyses of the remaining steps in the tiered cyclic creep test, because the secondary creep curves 
undergo similar stages as detailed in Fig. 11. Hence, we concentrate on the analyses of the second and third 
cycle for the tiered cyclic creep on sample YW0112 here

YW01101 YW0112a

Stage1 Stage2 Stage3 Cycle2 load Cycle3 load

q (MPa) 11.13 13.76 16.39 18.05 22.27
�c(%) 0.013 0.015 0.021 0.004 0.012
𝜀̇c(%/min) 1.047e−04 1.196e−04 1.726e−04 3.354e−05 9.644e−05
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Fig. 12   Power fitting results of single-step creep strain �c and average 
creep rate 𝜀̇c for sample YW01101 with the rise in deviatoric stress q
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4.4 � Analysis of Creep Model

The secondary creep stage is vital for the stability of rock 
engineering projects. Creep experimental data for coal/
rock are frequently examined and fitted employing the best 
rheologic equations or mechanical models. Burgers model 
is one of the most common constitutive laws which has 
been widely applied to model creep behaviours of coal/rock 
(Hamza and Stace 2018; Mansouri and Ajalloeian 2018; 
Yang et al. 2015; Zhang et al. 2019a). This model is a form 
of connection in series by Kelvin body and Maxwell body. 
Burgers model possesses instantaneous deformation proper-
ties, the transient creep, and secondary creep. The constitu-
tive equation for this model in a three-dimensional stress 
state can be written as (Hamza and Stace 2018):

where �creep(t) is the axial strain measured at a certain time 
instant t , EK and �K are Kelvin’s elasticity modulus and vis-
cosity coefficient, respectively, and EM and �M are Maxwell’s 
elasticity modulus and viscosity coefficient, respectively.

In this paper, these creep parameters were calculated, 
as detailed in Table 4, through the least-squares regression 
method employing Matlab (Mathworks). The parameters in 
Table 4 represent the best value for forecasting the creep 
behaviour of each intact coal sample. The initial definition 
of the Boltzmann overlapping principle reveals that the creep 
strain triggered by the stress imposed on the sample at a 
specific moment in the past was equal to the sum of the 
strain derived from the different stresses at that moment. The 
prevision of the testing results employing the Burgers model 
can be plotted in Figs. 13 and 14 (black lines represent the 
simulation curves). The fitted results demonstrated that the 
Burgers model is appropriate to predict the transient creep 
and secondary creep of intact coal.

(13)𝜀̇c = 1.079 × 10−5q0.9594.

(14)

�creep(t) =
�1 − �3

EM

+
�1 − �3

�M
t +

�1 − �3

EK

(

1 − exp

(

−
EK

�K
t

))

,

Furthermore, as can be seen from Table 4, Burgers model 
parameters are prone to be affected by the deviatoric stress 
q and loading path. In the Burgers model, the Maxwell 
unit exhibits the characteristic of steady-state creep (the 
creep simulated by the Maxwell model is non-recoverable), 
whereas the Kelvin body illustrates the feature of tran-
sient creep, which can be immediately recovered upon the 
removal of the stress field (Hamza and Stace 2018). Maxwell 
elasticity modulus ( EM ) determines the instantaneous elastic 
strain in the secondary creep, and as shown in Table 4, it is 
much smaller than other creep parameters. The Maxwell vis-
cosity coefficient ( �M ) can reflect the variation of the strain 
rate of the secondary creep. It is the highest among of all 
creep parameters and increases with the rise in q . Such a 
trend shows that steady-state creep is singularly dependent 
on q , as illustrated in Figs. 13 and 14, and the coal sample 
deformed noticeably under a high q.

Compared with Maxwell parameters, Kelvin’s elasticity 
modulus ( EK ) and viscosity coefficient ( �K ) decrease con-
siderably by increasing q (except for stage1 for specimen 
YW01101) and show a high-stress dependence. As listed 
in Table 4, it signifies that the Kelvin element behaves with 
an extremely high modulus and very high resistance to vis-
cous flow (Mansouri and Ajalloeian 2018). By increasing q 
step by step, both elastic deformation and viscous flow (as 
depicted in Figs. 13 and 14) become exaggerative, triggering 
reduced EK and �K . Generally, for all tested specimens, �M 
is a great deal larger than �K , and it is ten times to a hundred 
times higher than �K . However, EM is much smaller than EK ; 
in fact, it is just a few hundredths of EK . Further investiga-
tion of these creep parameters for a broader range of �3 and 
q may be performed in future work.

4.5 � Failure Patterns and Failure‑Plane Angle of Coal

In rock mechanics, several failure patterns are known 
depending upon the lithology, microstructure and con-
figuration of stress imposed (Masoudian et  al. 2014; 
Mcbeck et al. 2020). Jaeger et al. (2007) systematically 
summarised rock failures at various uniaxial/triaxial 
compressive and uniaxial tensile stresses. However, the 
fracture surfaces of the coal materials, especially their 

Table 4   Creep parameters of 
intact coal samples YW01101 
and YW0112

σ1 − σ3 (MPa) EM (GPa) ηM (GPa min) EK (GPa) ηK (GPa min) R2

YW01101
 Stage1 11.13 0.026 156.960 2.376 18.502 0.995
 Stage2 13.76 0.027 344.172 1.391 4.682 0.968
 Stage3 16.39 0.026 350.139 1.050 6.921 0.981

YW0112
 Cycle2 load 18.05 0.040 4301.716 4.652 19.821 0.856
 Cycle3 load 22.27 0.041 971.217 2.376 13.025 0.964
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failure-plane angle � (the intersection angle between the 
shear failure surface and minimum principal stress) are 
neglected in recent works of Ref. (Masoudian et al. 2014; 
Tu et al. 2019; Wang et al. 2019; Xu et al. 2020; Zhang 
et al. 2019b).

Coal fails when the surrounding stress exceeds the ten-
sile, compressive, or shear strengths of the coal formation, 
whichever is reached first. This can be identified in Fig. 15 
(a greyscale image) with the fracture surfaces and � of coal 
samples after triaxially compressed and crept. Furthermore, 

Fig. 13   Prediction of the 
experimental data of conven-
tional triaxial creep (for sample 
YW01101) using the Burgers 
model
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Fig. 14   Prediction of the experi-
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at load period) employing the 
Burgers model
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the failure of coal can be classified into four mechanisms, as 
illustrated in Fig. 16. At low �3 , the combination of longitu-
dinal splitting and shear may occur (Fig. 16a). With a mod-
erate amount of �3 , longitudinal fracturing is suppressed, 
and failure appears along a single defined plane of fracture 
(Fig. 16b). This shear plane is generally inclined at an angle 
less than 45° from the axial stress direction and the plane 
is characterised by shear displacement along its surface 
and known as a shear fracture, which is one of the most 
common types of failure. In some cases, failure takes place 
along two conjugate shear planes located symmetrically with 
respect to the axial direction and is referred to as a Y-shaped 
shear fracture (Fig. 16c). Under some circumstances, if coal 
becomes sufficiently ductile with the rise in �3 , a network 
of small shear fractures (multiple parallels and conjugate 
failure planes) occurs, accompanied by plastic deformation 
of the individual coal grains (Fig. 16d). In this case, many 
triangular or wing-shaped microcracks will emerge inside 

the coal (Fig. 15b, f and h). The multiple shear fracture is 
also one of the most common patterns of failure. In a word, 
with the moderate or relatively high �3 , the failure pattern 
of coal is mainly shear fracture and multiple shear fractures.

The development of the failure plane(s) accompanies 
the fracture process in coal. The experimental results dem-
onstrate that the � of intact coal is significantly impacted 
by �3 . Regardless of the conventional triaxial compression 
test and tiered cyclic creep test (σ3 = 2 MPa), the � for coal 
samples (Fig. 15a, e and g) is almost unchanged (67–70°), 
which is close to the value calculated in Sect. 4.1 based 
on the Mohr–Coulomb criterion. Beyond that, the variation 
of � with �3 is considerably strong, increasing from about 
72° (σ3 = 6 MPa) to 82° (σ3 = 8 MPa). It is evident that the 
increase in �3 would elicit greater � . As shown in Fig. 17, 
this trend can be approximated by a linear relationship with 
a good regression coefficient (R2 = 0.8296). This finding 
is consistent with the experimental results of sandstone 

Fig. 15   The fracture morphology (greyscale image) of the intact coal under different σ3: a–d conventional triaxial compression; e conventional 
triaxial compression using CO2; f tiered cyclic compression; g tiered cyclic creep; h conventional multistage creep
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reported in recent studies (Ma and Haimson 2016; Zhou 
et al. 2018).

This paper presents the results of testing and modelling of 
intact coal. Coal is an anisotropic and heterogeneous mate-
rial (Barbosa et al. 2020). The existence of macroscopic 
discontinuities may weaken the strength of coal seams or 
rock masses (Jiang et al. 2019). As mentioned in Sect. 2.1, 
the weak shear planes (microfissures) and micropores inside 
coal were observed using SEM technology. The coal discon-
tinuity and heterogeneity may somewhat limit these findings; 
nevertheless, it has crucial implications for the geo-mechan-
ical modelling and safety production of coal mines.

Moreover, in deep mining, the elastic strain energy 
released violently and suddenly from coal or coal measure 
rocks is prone to trigger coal burst or rockburst, especially 
in geological structural zones, such as a fold, bedding fault, 
and cutting fault (Cai et al. 2019; Tu et al. 2019). Since 
coal burst is highly related to coal failure processes, it is 
very significant to focus on the mechanical properties and 

failure behaviours of coal and other coal measure rocks. Fur-
thermore, during underground longwall mining, the vertical 
stress concentrates on the front of the coal face owing to the 
removal of solid coal. When the abutment stress exceeds the 
coal strength, the coal fails, and elastic strain energy will 
release, which may potentially contribute to a coal burst. 
Therefore, prior identification of the stress concentration 
zone and such burst-potential regions, and ongoing investi-
gative studies into prediction and control measures are vital 
to minimise the risk of injury or disruption (Bruce and Jim 
2017).

5 � Conclusions

The primary purpose of this paper was to understand the 
complete stress–strain, creep, and failure mechanisms of 
intact coal under different �3 and loading paths (including 
CTL and TCL simultaneously). The operations mainly con-
sisted of four series of tests (listed in Table 1) where �3 was 
held constant in each project (between 2 and 8 MPa).

Regardless of conventional triaxial compression or tiered 
cyclic compression, all intact coal samples show Class-I fail-
ure features in terms of the complete stress–strain curves; 
and the post-peak modulus is negative ( ki < 0, i = 1–6). It is 
characterised by ‘stable’ fracture propagation and retains 
some strength even after the stress level exceeded peak 
strength, which signifies this destruction is controllable. The 
failure model seems to transition from brittle to quasi-brittle 
with increasing �3 gradually.

Within the tested scale of stresses, the conventional tri-
axial compression experiments have revealed the critical 
influence of �3 on deformation behaviours and the failure 
properties of coal. The peak strength and residual strength 
of coal linearly increase with the rise in �3 (2–8 MPa). This 
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Fig. 16   Four failure patterns for intact coal under triaxial stresses: a combination of longitudinal splitting and shear; b shear fracture (single 
shear plane); c Y-shaped shear failure; d multiple shear fractures
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relation can be well predicted via the linear Mohr–Coulomb 
criterion (as expressed by Eqs. 5 and 6, respectively). But the 
intensity difference introduced in the current study appears 
to be independent of �3 . Moreover, with increasing �3 , the 
elastic modulus and peak strain are identified to rise in a 
power function form (Eqs. 10 and 11, respectively).

Compared with CTL, TCL would enhance the strength 
(both in compression and creep experiments) of intact coal 
under the same circumstances (σ3 = 2 MPa, p1 = 1 MPa). A 
possible explanation for this might be that the deviatoric 
stress q plays a vital part in closing up the shear bands or 
consolidating the compaction bands, which will stiffen up 
the intact coal samples in the end. In addition, the steady-
state strain in the previous three unloading stages increases 
stepwise, which may result from the cumulative dissipated 
energy in the coal interior in the tiered cyclic creep test.

Moreover, the data of creep tests were successfully fitted 
to the Burgers model, exhibiting elasto-viscoplastic char-
acteristics. It revealed that EM is far less than that of other 
creep parameters. However, �M , much larger than other creep 
parameters, can reflect the variation of the strain rate of the 
secondary creep, and linearly increases with the rise in q . 
On the contrary, by increasing q , both elastic deformation 
and viscous flow become exaggerative, leading to the reduc-
tion of EK and �K . Beyond that, the single-step creep strain 
and the average creep rate, proposed in this paper, show an 
increasing trend in the power function laws (Eqs. 12 and 13, 
respectively) with the rise in q.

Finally, the experimental results of triaxial compression 
and creep demonstrated that the failure modes of intact coal 
under triaxial stress can be classified into four types in total: 
the combination of longitudinal splitting and shear; shear 
fracture (single shear plane); Y-shaped shear failure; mul-
tiple shear fractures. Furthermore, the quantitative analysis 
of the failure-plane angle � shows that it is positively cor-
related to �3.

In the end, the contributing factors, such as the rank of 
coal due to the metamorphism, the range of stress level 
applied to the coal, and the timescale applied to the investi-
gation of creep for coal might somewhat limit the findings. 
Therefore, future work may be conducted using different 
types of coal to study its mechanical features, however, with 
a broader range of �3 and q , as well as enough time given to 
the coal to creep. Nevertheless, these findings in the present 
paper provide a theoretical framework for future studies to 
assess the geomechanics and failure mechanisms of intact 
coal. It also has a valuable application in areas such as the 
geo-mechanical modelling of mines’ stability, roadway sup-
port, and the mitigation of coal/rock dynamic hazards.
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