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Abstract: The initial micro-cracks affect the evolution characteristics of macroscopic deformation and failure of rock but are 
often ignored in theoretical calculation, numerical simulation, and mechanical experiments. In this study, we propose a 
quantitative analysis model to investigate the effects of initial micro-cracks on the evolution of marble deformation and failure. 
The relationship between the micro-crack propagation and the marble failure characteristics was comprehensively studied by 
combining theoretical analysis with a micro-computed tomography (micro-CT) scanning technique. We found that with the 
increase of confining pressure, the matrix elastic modulus of the marble first increased and then tended to be stable, while the 
micro-cracks increased exponentially. The sensitivity ranges of the marble sample matrix elastic modulus and micro-cracks to 
confining pressure were 0–30 MPa and 30–50 MPa, respectively. The porosity and Poisson’s ratio decreased exponentially. The 
increasing proportion of internal micro-cracks led to an increase in the sample non-uniformity. The samples presented mainly 
shear failure under triaxial compression, and the failure angle decreased linearly with the increase of confining pressure. The 
convergence direction of cracks decreased gradually. This quantitative analysis model could accurately portray the relationship 
between the overall macroscopic deformation and the deviatoric stress of the samples at the compaction and the linear elastic 
stages, thus deepening the understanding of the stress–strain behavior of rocks.
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1 Introduction 

As the shallow mineral geological resources around 
the world are on the verge of exhaustion, the depth of 
underground mining is increasing year by year and 
mining conditions are becoming increasingly complex 
(Chen, 2017; Xie, 2019). Due to the compound effects 
of geological conditions (such as tectonic stress, and 
plate and shell movement) and human activities (such 
as the disturbance of shield excavation and blasting 
mining vibration) (Li et al., 2015; Liu et al., 2019; 
Wang et al., 2022), numerous micro-cracks become 
randomly distributed in the underground engineering 
rock mass (Liu and Dai, 2021). Micro-cracks can cause 
difficulties in deep geotechnical engineering support 

and frequent geological disasters, including roof col‐
lapse, rockburst, and coal (gas) outbursts as a result of 
unstable deformation of rock mass structure (Zhang 
and Zhao, 2014). Such disasters can be regarded as the 
result of the generation and propagation of rock cracks. 
Therefore, the accurate characterization of mechan‐
ical properties and crack evolution in rocks under 
different loading conditions is of great significance 
for evaluating the structural stability of deep under‐
ground engineering.

The rock mass is an important component of an 
underground engineering structure. It is a natural hetero‐
geneous material that includes rock matrix and micro-
cracks (pores) (Nur, 1971; Morgan et al., 2013). The 
random distribution of micro-cracks in the rock matrix 
determines the internal structural characteristics of rock 
and affects its physical and mechanical properties. Zuo 
et al. (2019) studied the growth of cracks in rocks under 
different confining pressures and temperatures. They 
derived a crack growth model for triaxial compression 
and verified their model with experimental results. 
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Zhang et al. (2020) abstracted brittle rock materials 
into skeletons and cracks, and established a constitutive 
model to consider the initial pore closure effect with 
the instantaneous strain and statistical damage theory.

The stress–strain relationship is fundamental for 
the stress and deformation analysis of rocks (Chang and 
Lee, 2004) and has been studied under various load‐
ings and environments. Bieniawski (1967) summarized 
the stage of sample stress–strain curves through rock 
mechanics experiments. He pointed out that different 
occurrence states of micro-cracks in a sample corre‐
sponded to different characteristic stresses. Zhao and 
Liu (2012) used Hooke’s law based on the natural 
strain and engineering strain to describe the deforma‐
tion of internal pores and other parts of porous rock, 
respectively. Peng et al. (2016) pointed out that the 
proportion of initial micro-cracks in rocks could be 
regarded as the initial micro-crack damage.

The above studies have analyzed the stress–strain 
relationship of rocks in the pre-peak stage, but have 
rarely quantitatively analyzed the proportion of initial 
micro-cracks and the evolution of mechanical charac‐
teristics with confining pressure. The relationship 
between the crack growth and macroscopic failure 
characteristics of the rock sample under triaxial com‐
pression has also not been fully discussed. In this study, 
a theoretical model for the quantitative analysis of the 
initial proportion of micro-cracks of rock was first 
established based on the stress decomposition of triax‐
ial compression. Then, the model was verified against 
experimental data. Finally, the fracture evolution char‐
acteristics of the loaded rock samples were analyzed 
with micro-computed tomography (micro-CT) scan‐
ning. The results can provide reference parameters for 
the numerical simulation when the initial micro-cracks 
and the rock matrix are modeled separately.

2 Model establishment 

Dynamic and static tests showed that the mechani‐
cal properties of deformation and failure of a rock 
were closely related to the micro-crack propagation in 
the rock. The increasing slope of the stress–strain curve 
also changes gradually with the growth of micro-cracks. 
The pre-peak stage of the stress–strain curve can be 
roughly divided into three stages (Corkum and Martin, 
2007), based on the slope change (Fig. 1), where σcc 

and σci are the stress at the end of compaction point 
and the crack initiation stress, respectively. σp is the 
peak stress; Es is the elastic modulus of the sample; σ is 
the stress; ε is the strain; j is any point on the compac‐
tion and linear elastic stages of the stress–strain curve, 
and εj and σj are the corresponding strain and stress 
values, respectively; εP1 and εP2 are the partial strains 
of the matrix and cracks, respectively.

The stress–strain relationship in the compaction 
stage is closely related to the volume of initial micro-
cracks. When a sample is loaded to the crack closure 
stress, the initial micro-cracks inside the sample are 
basically closed, and the slope of the stress–strain 
curve does not change. The slope of the correspond‐
ing position curve is the elastic modulus Es of the 
sample. Therefore, the initial micro-cracks can be 
quantitatively characterized by the stress–strain rela‐
tionship during the compaction and the linear elastic 
stages.

Natural rock can be regarded as a composite rock 
with a matrix and micro-cracks (pores). The contribu‐
tion of micro-crack deformation to the overall macro‐
scopic deformation of rock can be analyzed using the 
effective medium theory (Cai et al., 2017). As shown in 
Fig. 1, the strain ε of rock at the compaction and linear 
elastic stages has two components: the partial strain 
εP1 of the matrix and the partial strain εP2 of the cracks:

ε = εP1 + εP2. (1)

Introducing the proportion of initial micro-cracks 
in the rock, the axial partial strains of the matrix and 
cracks are given by:

Fig. 1  Deformation stage of pre-peak stress–strain curves 
of rock
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εP1 = (1 - VC

V ) εmz (2)

εP2 =
VC

V
εcz (3)

where VC is the initial micro-crack volume in the sam‐
ple; V is the overall volume of the sample; εmz is the 
axial strain of the matrix; εcz is the axial strain of the 
micro-cracks.

The overall macroscopic strain of the sample is 
the summation of the two components expressed as

ε = (1 - VC

V ) εmz +
VC

V
εcz. (4)

The slope variation of the stress–strain curve of 
rock samples at the compaction and the linear elastic 
stages shows that when the sample is loaded to the 
crack closure stress, the micro-cracks inside the sam‐
ple are basically closed, and the stress–strain relation‐
ship is approximately linear and follows the general‐
ized Hooke’s law as

εmz =
1

Em
[ ]σz - μm( )σx + σy  (5)

where Em and μm are the elastic modulus and Poisson’s 
ratio of the rock matrix, respectively. σx, σy, and σz are 
the principal stresses.

The sampling process of the representative volume 
element (RVE) is shown in Fig. 2.

First, the stress environment at the sampling site 
should be considered in the mechanical test and the 
result analysis of the rock sample. Then, the rock sample 
is assumed to be an aggregate (n equal parts), and one 
micro-element (the arbitrary volume element) is taken 
for analysis. An RVE (Fig. 3) is taken to characterize 

the deformation characteristics of rock under the exter‐
nal load, where zm is the equivalent matrix; z and z0 are 
the equivalent micro-crack lengths before and after 
loading, respectively.

The axial strain of the micro-element after load‐
ing can be expressed as

dεcz =
z - z0

z
. (6)

The deformation of the micro-cracks inside rock 
is different from that of the matrix. The micro-cracks in 
natural rocks are randomly distributed in the matrix. At 
present, it is technically unrealistic to measure the strain 
field borne by micro-cracks. Natural strain can describe 
this part of deformation more accurately (Freed, 1995). 
Combined with the above analysis, the deformation 
of an equivalent micro-crack unit is described by natu‐
ral strain as

dεcz = ∫
z

z0( )-
dz
z

=-ln
z0

z
. (7)

Combining Eqs. (6) and (7) gives:

z0

z
= e-dεcz. (8)

In the RVE, the deformation of micro-cracks is 
assumed to follow the generalized Hooke’s law (Xie 
et al., 2022) as

dεcz =
1
Ec

[ ]dσz - μc( )dσx + dσy  (9)

where Ec and μc are the elastic modulus and Poisson’s 
ratio of the rock with micro-cracks, respectively.

Therefore, the strain increment is obtained based 
on Eqs. (6), (8), and (9) as

Fig. 2  Sampling process of RVE

Fig. 3  Conception and deformation of RVE in the sample
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dεcz = 1 - e
-

1
Ec

[dσz - μc (dσx + dσy )]

. (10)

The strain of the internal initial micro-cracks is 
then expressed as

εP2 = ∫
i = 1

n

dεcz  (11)

or

εP2 = ∫
i = 1

n Vb

nV0 ( )1 - e
- ∫

i = 1

n 1
Ec

[dσz - μc (dσx + dσy )]

=

VC

V ( )1 - e
-

1
Ec

[σz - μc (σx + σy )]

 (12)

where V0 is the volume of the RVE and Vb is the volume 
of the micro-cracks in the RVE.

Combining Eqs. (4), (5), and (12) obtains the 
quantitative analysis model of initial micro-cracks as

ε = ( )1 -
VC

V
1

Em
[ ]σz - μm( )σx + σy +

VC

V ( )1 - e
-

1
Ec

[σz - μc (σx + σy )]

.
(13)

Each parameter in this equation has clear physical 
significance but is difficult to measure directly using con‐
ventional rock mechanics methods and experiments. 
They can be calculated indirectly through the stress–
strain relationship of rock under triaxial compression.

In the conventional triaxial compression test (con‐
fining pressure σ3=σx=σy), the test process is to firstly 
increase the confining pressure to a preset value, and 
then apply the axial stress. At this time, the stress ap‐
plied to the sample is the deviatoric stress (σz −σx). 
That is, the experimental results monitored by the tri‐
axial compression device measure the relationship 
between the deviatoric stress and the sample strain. 
Through stress decomposition, the stress state of the 
triaxial compression sample can be decomposed into 
the compound action of hydrostatic pressure and devi‐
atoric stress (Fig. 4). The uniaxial compression is a 
special case of triaxial compression (σx=σy=0 MPa).

The above stress decomposition shows that the 
strain of rock obtained by a conventional triaxial com‐
pression experiment is due to the deviatoric stress. 
Therefore, the quantitative analysis model of the initial 
micro-cracks inside the sample can be expressed as

εT = ( )1 -
VC

V
1

Em

(σz - σx )+
VC

V ( )1 - e
-
σz - σx

Ec  (14)

where εT is the axial strain of the sample under triaxial 
compression.

3 Results 

3.1 Model validation

To verify this proposed model, a series of triaxial 
tests were carried out on marble samples, and further 
details of the tests are given in Section S1 of the elec‐
tronic supplementary materials (ESM). The deviatoric 
stress axial strain curve of a triaxial compression mar‐
ble sample is shown in Fig. 5a.

The above analysis showed that the initial micro-
cracks of the sample can be quantitatively character‐
ized through the compaction and the linear elastic 
stages of the stress–strain curve. Therefore, it was nec‐
essary to quantitatively determine the segment points 
of the linear elastic stage. Comparative analysis was 
conducted on the stress distribution at characteristic 
points (e.g., σccd=σcc−σ3) of the marble triaxial com‐
pression samples in this study. Combined with the 
acoustic emission monitoring results of crack initia‐
tion points in (Zhou et al., 2019), we found that half 
of the peak deviatoric stress (0.5σpd) of the triaxial 
compression samples is a definite position point, which 
is also located in the elastic stage of samples. That is, 
0.5σpd is lower than the stress at the crack initiation 
point σcid of the sample. Therefore, the analysis range 
of the above quantitative analysis model for the initial 
micro-cracks of the samples was [0, 0.5σpd], i.e., from 

Fig. 4  Load stress decomposition of conventional triaxial 
compression sample
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the initial loading point to half of the peak deviatoric 
stress (Fig. 5b).

Based on the newly established quantitative anal‐
ysis model, the stress–strain curves of each marble 
sample under triaxial compression and their correspond‐
ing fittings are shown in Fig. 6, taking σ3=0 MPa as 
an example. More detailed comparison results can be 
obtained from Section S2 in the ESM. Under each 
confining pressure, the results from the micro-cracks 
quantitative analysis model closely matched the test 
results (goodness of fit R2 all greater than 0.9990). 
The above results indicate that the quantitative analy‐
sis model proposed in this study can accurately char‐
acterize the relationship between the overall macro‐
scopic deformation and the deviatoric stress in the com‐
paction and the linear elastic stages under triaxial com‐
pression. The fitting equations are shown in Eqs. (S1)–
(S6) of the ESM.

3.2 Variation of model parameters with confining 
pressure

The above experimental results show that the ini‐
tial nonlinear effect gradually decreases with the in‐
crease of confining pressure (Fig. 5a). Moreover, the 
initial stress–strain curves are very close under high 
confining pressure. This indicates that the confining 
pressure has a great influence on the degree of closure 
of the initial micro-cracks in the samples. The parame‐
ters for elastic matrix and crack deformation of the 
marble samples under triaxial compression are shown 
in Table S1 of the ESM, where the calculation method 
for Poisson’s ratio of the sample μs and Es is from Taheri 
et al. (2020). Em is equivalent to Es.

Table S1 shows that Ec under each confining pres‐
sure was numerically three orders of magnitude differ‐
ent from Em. This verifies the rationality by using the 
natural strain to describe the micro-crack deformation 
in the derivation of the above quantitative crack analy‐
sis model. Fig. 7 shows the relationship between Es (cal‐
culated in (Taheri et al., 2020)), Em (calculated using 
the model in this study), and Ec with confining pres‐
sure. Fig. 7a and Table S1 show that Em and Es were 
36.82 and 33.33 GPa respectively under uniaxial com‐
pression (σ3=0 MPa)–a difference of about 10%. For the 
samples under triaxial compression (σ3=10–50 MPa), 
the difference between Em and Es was less than 3%. 
The above results indicate that Es was basically the 
same as Em, which verifies the correctness of the quan‐
titative crack analysis model. It also shows that our 
proposed model can be used to calculate Es. With σ3 
increasing from 0 to 50 MPa, the Em and Es of the sam‐
ple increased at first (σ3=0–30 MPa) and then tended 

Fig. 6  Comparison between the quantitative crack analysis 
model curves and marble test results

Fig. 5  Deviatoric stress–axial strain curve of triaxial 
compression marble samples (a) and analysis range of the 
model (b). σ1: axial stress of the samples; ε1: axial strain of 
the samples; σpd: peak deviatoric stress; σccd: deviatoric stress 
at the crack closure point; σcid: deviatoric stress at the crack 
initiation point
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to be stable (σ3=30–50 MPa). Em was sensitive to σ3 in 
the range of 0 to 30 MPa.

Fig. 7b shows the relationship between Ec and σ3. 
The results show that with the increase of σ3, Ec of the 
samples increases exponentially. The fitting curve is 
shown in Fig. 7b. Ec increased slowly when σ3 ranged 
from 0 to 30 MPa, and increased sharply when it ex‐
ceeded 30 MPa. The above results demonstrate that 
the confining pressure for the closure of micro-cracks 
inside the sample was about 30 MPa. Combined with 
the results of Fig. 7a, the sensitivity range of Em to 
confining pressure was 0–30 MPa, while that of Ec was 
30–50 MPa.

Fig. 8 shows the variation of the porosity and 
Poisson’s ratio of samples with confining pressure 
and the fitting curve. Comparing Fig. 8a with Fig. 7a 
shows that the variation of porosity is negatively cor‐
related with that of Es, i.e., when the sample porosity 
is high, the Es is correspondingly low. For example, 
the sample with a confining pressure of 30 MPa has the 
lowest porosity and the highest elastic modulus. On 

the whole, an increase of σ3 will significantly reduce 
the porosity and μs. With the increase of σ3 from 0 to 
50 MPa, the porosity of the sample gradually decreased 
from 9.10×10−4 to 6.96×10−5 (Fig. 8a) and μs from 0.34 
to 0.14 (Fig. 8b). Note that the decrements of porosity 
and μs in the σ3 range of 0–10 MPa accounted for 75% 
of the corresponding total decrement when σ3 increased 
from 0 to 50 MPa. The existence of σ3 has a great 
influence on the porosity and Poisson’s ratio.

By comparing the results of Figs. 8a and 8b, the 
porosity and μs decrease gradually with the increase 
of σ3 in the same function. The corresponding fitting 
formulas are shown in Fig. 8. The above results dem‐
onstrate that the samples with higher confining pressure 
are denser, and the circumferential and axial deforma‐
tion are relatively more synchronous during compres‐
sion failure (compared with the samples under low 
confining pressure). The macroscopic deformation of 
the sample under triaxial compression is closely related 
to the proportion of micro-cracks inside the sample. 
The increase of the proportion of micro-cracks will 
increase the non-uniform deformation of the sample.

Fig. 8  Variation of porosity VC/V (a) and Poisson’s ratio of 
the sample μs (b) with confining pressure σ3

Fig. 7  Influence of the confining pressure σ3 on sample 
modulus parameters: (a) sample elastic modulus Es and 
matrix elastic modulus Em; (b) cracks elastic modulus Ec
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3.3 Failure characteristics

The surface failure characteristics are shown in 
Fig. 9 and the CT scanning sections of the samples in 
Fig. S3 of the ESM. Fig. 9a and Fig. S3 in the ESM 
(A3) show that the sample under uniaxial compression 
(σ3=0 MPa) had the most surface and internal cracks. 
The tensile failure is obvious. Comparison of the sur‐
face image of the damaged sample with the CT scan‐
ning results shows clearly that the CT scanning section 
image better reveals the propagation of the internal 
cracks in the sample. According to Figs. 9b–9f and 
Fig. S3 in the ESM (A6 and A9), the number of sur‐
face and internal cracks decreased at first and then in‐
creased with confining pressure under triaxial compres‐
sion (σ3=10–50 MPa), but it was much lower than that 
under uniaxial compression. All samples under triaxial 
compression showed obvious shear failure. The mac‐
roscopic failure angle γ between the main macroscopic 
failure surface and the horizontal plane of each sam‐
ple is shown in Figs. 9a–9f.

4 Discussion and remarks 

4.1 Crack propagation

The failure process of a sample is the propagation 
process of internal cracks. Combined with the above 
analysis of the failure characteristic diagrams (Fig. 9 
and Fig. S3 in the ESM) of the compressed sample, 
the evolution of the internal mesoscopic cracks in the 
compression failure process is qualitatively described 
in Fig. 10 (Bieniawski, 1967), where σdd is the dam‐
age deviatoric stress of the sample and εv is the volumet‐
ric strain. In addition, the damage deviatoric stress point 
is the turning point in dominance from compaction to 

dilatancy. It is also the division point from stable crack 
propagation to unstable crack propagation in the sample.

Natural marble samples have micro-cracks (pores) 
and these initial internal micro-cracks will be gradually 
closed in response to a continuous external load. As 
shown in Fig. 10, when an external load was applied 
to σccd, the initial internal micro-cracks were basically 
closed. With the continuous load, the sample showed 
obvious elastic deformation characteristics. Therefore, 
the elastic modulus and Poisson’s ratio of the sample 
were calculated from the data at this stage. When the 
axial load was applied to σcid, new cracks began to occur 
inside the sample, and the elastic deformation charac‐
teristics of the sample gradually disappeared.

With the continuous load, the internal cracks con‐
tinuously expanded (stable expansion stage), and the 
plastic deformation of the sample gradually appeared. 
When the axial load was applied to σdd, the dominant 
compaction phase of volumetric strain ended and the 
volumetric strain reached its maximum. After σdd, the 
volumetric strain changed to the dilatancy dominated 
phase, and the volumetric strain continuously decreased. 
At this stage, the internal cracks began to expand 
unsteadily and gradually coalesced to form macroscopic 
cracks (when the axial stress of the sample was near 
to σpd). After σpd, a macroscopic crack plane formed 
inside the sample and gradually penetrated the outer 
surface of the sample. From then on, the sample gradu‐
ally lost its mechanical strength and eventually became 
unstable and failed.

4.2 Correlation of failure characteristics and 
crack propagation

In the mesoscopic damage and failure analysis 
of the loaded rock, non-penetrating micro-cracks in 
rock samples are generally simplified to circular coin 

Fig. 9  Failure characteristics of triaxial compression marble samples: (a) σ3=0 MPa; (b) σ3=10 MPa; (c) σ3=20 MPa; 
(d) σ3=30 MPa; (e) σ3=40 MPa; (f) σ3=50 MPa
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cracks or elliptical disk cracks and wing cracks in 
plane strain analysis (Li XZ et al., 2018; Li SY et al., 
2023), as shown in Fig. 11. According to the above anal‐
ysis, new cracks in marble samples are initiated after 
the elastic stage (initiation point σcid). This is because 
with a continuously increasing load, the crack tip 
strength factor becomes greater than its critical stress 
intensity factor, and the internal crack of the sample 
begins to expand.

For the compressed sample, the initiation of inter‐
nal cracks indicates only the beginning of sample dam‐
age and failure. When the internal micro-cracks coalesce 
with each other (the bridge connection between the 
cracks), the instability failure of the sample can be 
observed. Therefore, the propagation mode of the 
internal cracks in the sample can be described using 
the connecting process of the double-crack system (Cao 
et al., 2016).

For marble samples under uniaxial compression, 
with the increase of axial strain, new tensile cracks 
occur at the crack tips. Due to the absence of confining 

pressure, the new cracks spread along the direction par‐
allel to the axial stress, and gradually converge to form 
a macroscopic tensile failure surface. With the increase 
of load, the lateral deformation of the macroscopic 
tensile failure surface continuously increases. When the 
lateral deformation exceeds the deflection, the tensile 
failure surfaces will break and connect with each other, 
resulting in splitting tensile failure of the sample under 
uniaxial compression.

For a sample under triaxial compression, the con‐
fining pressure effectively inhibits the propagation pro‐
cess of internal micro-cracks. Only those cracks parallel 
to the direction of the deviatoric stress develop. With 
continuous loading, a number of parallel micro-cracks 
connect with each other, and finally form a macroscopic 
shear failure surface through the annular surface of 
the sample. Therefore, the macroscopic failure angle γ 
between the macroscopic shear failure surface and the 
horizontal plane of the sample will gradually decrease 
with the increase of confining pressure (Fig. 12). 
There is an obvious linear relationship between γ and 
σ3 (goodness of fit R2=0.9660).

The macroscopic failure of the sample is the 
result of the convergence of cracks. Hence, the propa‐
gation direction of the cracks in the sample also linearly 
decreases with the increase of the confining pressure. 
In addition, the failure characteristics of samples under 
triaxial compression of σ3=50 MPa are different from 
those under σ3=30 MPa, showing obvious shear plane 
damage (Fig. 11). This is because the direction of devi‐
atoric stress on the sample changes with the increase 

Fig. 11  Mesoscopic crack propagation mode of triaxial 
compression sample

Fig. 12  Variation of γ between the main failure surface 
and the horizontal plane with confining pressure

Fig. 10  Sketch of stage evolution characteristics of 
micro-cracks in samples
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of confining pressure. The composite action of high 
confining pressure and axial stress leads to increasing 
friction between the macroscopic shear planes of the 
samples, so that the samples with high confining pres‐
sure show more severe failure characteristics.

5 Conclusions 

A quantitative analysis model was established 
to represent the initial proportion of micro-cracks in 
rock. Then, the range of the stress–strain curve was 
determined for accurate analysis of the initial micro-
cracks. This model was verified against the triaxial 
experimental data. Finally, the evolution of cracks in 
the loaded samples was revealed using CT scanning 
images. From these investigations, we drew the follow‐
ing conclusions:

(1) Each parameter in the quantitative analysis 
model for the initial proportion of micro-cracks in rock 
has a definite physical meaning. The model can accu‐
rately characterize the relationship between the overall 
macroscopic deformation and the deviatoric stress in 
both the compaction stage and linear elastic stage 
under triaxial compression.

(2) The elastic modulus of the matrix first in‐
creases and then tends to be stable with the increase 
of confining pressure, while that of micro-cracks in‐
creases exponentially. The sensitivity ranges of the 
sample matrix elastic modulus and micro-crack elas‐
tic modulus to confining pressure are 0–30 MPa and 
30–50 MPa, respectively.

(3) The porosity and Poisson’s ratio of the sample 
exhibit an exponential decrease, and the decrements of 
porosity and Poisson’s ratio in the σ3 range of 0–10 MPa 
account for 75% of the corresponding total decrement 
when σ3 increases from 0 to 50 MPa. The increase of 
the initial proportion of micro-cracks increases the 
non-uniform deformation of the sample.

(4) Failure results from the propagation process 
of micro-cracks. The number of cracks is the highest 
and the tensile failure characteristics are most obvious 
in uniaxial compression samples. Shear failure is obvi‐
ous under triaxial compression. With the increase of 
confining pressure, the failure angle linearly decreases 
and the direction of propagation of the internal cracks 
(corresponding to different expansion modes) also 
shows a linear decrease.
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