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Abstract: The influence of maximum principal stress level on true-triaxial unloading

behaviors  and the  failure  mechanism of  sandstone  samples  were  comprehensively

investigated by laboratory tests and discrete element simulations. The results show

that the level of σ1 at unloading point significantly affects the deformation and failure

characteristics of sandstone samples under true-triaxial unloading conditions. As the

level of  σ1 at unloading point increases, the ultimate bearing capacity of sandstone

sample is increasingly strengthened, while the sample collapses more easily during

the unloading process, and the failure mode of sandstone sample changes from mixed

tensile-shear failure to shear failure. With the increase in the level of σ1 at unloading

point,  the  accumulative  micro-cracks  at  the  unloading  point  and  micro-crack

generation rate during the unloading phase exhibit an increasing trend, while the sum

of micro-cracks at the unloading phase and the ratio between the amount of tensile

micro-cracks and shear micro-cracks roughly show a downward trend. The formation

of macro fracture in sandstone sample is closely related to the stress conditions and

material inhomogeneity. The tensile fracture in the upper right part of sample when

the  level  of  σ1 is  relatively  low should  be  attributed  to  the  superiority  in  tensile

contacts between particles in terms of contact number and corresponding tensile force.
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1 Introduction

A growing  demand  for  mineral  resources  and  underground  space  with  the  rapid

development in society and economy makes underground excavation become more

popular.  Excavation  of  rock  mass  during  underground  engineering  projects

irrevocably  changes  the  in-situ  stress  field  of  surrounding  rocks  and  may  cause

different forms of rock failure.1 For brittle hard rock subjected to high unloading-

induced stress, the rock failure near an excavation site can be distinguished into stable

failure, such as slabbing, which is characterized by a progressive generation of surface

fractures, and unstable failure, such as rockburst, which occurs suddenly with a large

quantity of energy release.2-4 To gain a deep insight into the unloading behavior of a

rock mass  during  underground excavation,  many experimental  investigations  have

been carried out on rocks in the laboratory.5-8 Ding et  al9 carried out conventional

triaxial compression and unloading confining pressure tests to investigate the failure

behaviors of sandstone after different high temperature treatments. The results showed

that brittle failure was more obvious in the unloading confining pressure tests with the

increase in initial confining pressure.9 Huang et al10 carried out laboratory unloading

tests on man-made rock specimens with one or two cracks to explore the rock crack

evolution  during  underground  excavation.  Zhou  et  al11 investigated  the  unloading

failure characteristics of rocks via unloading confining pressure at different levels of

unloading  points.  With  the  aid  of  nuclear  magnetic  resonance  (NMR),  the  meso-

damage evolution characteristics of the unloading rock was analyzed. Huang et al12

conducted triaxial unloading tests on marble specimens and found that the unloading

rate  and  initial  confining  pressure  had  significant  influence  on  the  strain  energy

conversion of specimen during the unloading process. Considering that the rock mass

in  underground engineering  was  usually  located  within  a  three-dimensional  stress

state before being excavated, researchers turned their attention to carrying out true-

triaxial unloading tests on rocks by developing sophisticated true-triaxial apparatuses

to better simulate the conversion of three-dimensional stress in practical excavation

engineering.13-14 Li et al15 investigated the strength and failure modes of cubic rock



specimens  under  true-triaxial  unloading  condition  using  a  novel  true-triaxial  test

system and found that  the rock strength increased  with the  intermediate  principal

stress σ2. Du et al16 conducted true-triaxial unloading tests and dynamically disturbed

loading tests on three types of rock specimens to reveal the rock failure mechanism

and pointed out that the mechanisms that induced slabbing were closely associated

with those that triggered rockbursts. He et al17 examined the rock burst process and

acoustic emission characteristics of limestone in the laboratory with a true-triaxial test

facility which achieved abrupt unloading of the minimum principal stress  σ3 in one

loading  face.  Zhao  et  al18 investigated  the  influence  of  unloading  rate  on  the

strainburst  behavior of Beishan granite and revealed that the failure mode of rock

samples changed from strainburst to spalling as the unloading rate decreased. 

Since  researches  on  the  mechanical  behaviors  of  rocks  under  unloading

conditions have been extensively reported,  most of them focus on the factors like

unloading rate, initial confining pressure that significantly influenced the failure mode

and mechanical properties, the maximum principal stress level at the initial unloading

point  is  rarely  considered  as  a  researching  point  in  true-triaxial  unloading tests.19

Actually, in underground engineering projects, due to human activities, it is likely that

stress concentration occurred earlier in a rock mass before the rock mass was involved

in the excavation scheme. An example for this is adjacent tunnels in the excavating

sequence of time. The tunnel under construction may cause stress concentration in the

nearby rock masses linked with other tunnels.20 Therefore, it is worth examining the

influence of maximum principal stress level on subsequent rock unloading behaviors

for  evaluating  the  unloading  failure  characteristics  of  rock  mass  where  stress

concentration occurs before excavation. 

The laboratory experimental studies have promoted the understanding of macro

mechanical behaviors and failure characteristics of rocks. However, it is difficult to

directly visualize the micro-crack generation and underling stress field of rocks by

experiment  investigation.21 To  identify  the  variation  of  microstructures  and  stress

distribution  in  rocks  under  different  loading conditions,  some numerical  methods,



such as finite element method (FEM)22, boundary element method (BEM)23, discrete

element  method  (DEM)24,  have  been  adopted  by  researchers.  Compared  with  the

numerical methods based on the theory of continuum mechanics, DEM is a promising

approach for dealing with discontinuity problems and tracking the microstructures in

the failure process.25 By means of DEM, Yang et  al.  revealed the crack evolution

mechanism  in  brittle  sandstone  containing  non-coplanar  fissures  under  uniaxial

compression.26 Hazzard  and  Young27 firstly  simulated  the  acoustic  emissions  of  a

granite  sample  by  using  the  distinct-element  code.  Liu  et  al28 analyzed  the

relationships between the characteristic stress thresholds of intact rock and the micro-

geometric  heterogeneity  index  with  the  grain-based  models.  Park  and  Min29

investigated  the  mechanical  behaviors  of  transversely  isotropic  rock based on the

bonded-particle  DEM  model.  Additionally,  extensive  DEM  simulations  were

undertaken to estimate the shear behaviors of rock joints in the direct shear tests.30-33

Moreover, modelling the failure characteristics and mechanical properties of brittle

rock under true-triaxial stress state by 3D DEM has also been reported recently.34-35 In

view of the promising performance of DEM in reproducing the mechanical behaviors

and  visualizing  microscopic  cracking  process,  it  is  adopted  in  present  study  to

examine the failure and deformation of rocks under true-triaxial unloading conditions.

In this paper, both laboratory tests and numerical tests were carried out to identify

the influence of maximum principal stress level on subsequent unloading behaviors of

sandstone samples and elucidate the failure mechanism by analyzing the particle-scale

responses.  The  structure  of  this  paper  is  as  follows.  Section  2  introduces  the

experimental  procedures  and  loading  schemes.  Section  3  mainly  introduces  the

numerical  model  generation  and  related  micro-parameter  calibration.  Section  4

displays the results of laboratory tests and numerical tests and chiefly discusses the

microscopic mechanism of rock failure and deformation according to the micro-crack

characteristics and particle displacement. Section 5 summarizes this work. 



2 Experimental study

2.1 Experimental procedures

The  rock  material  was  sandstone  obtained  from a  quarry  in Weiyuan  county  of

Sichuan  Province,  western  of  China.  To  reduce  the  material  discreteness,  the

sandstone samples were extracted from a single rock block without visible cracks, and

polished  into  rectangular  prisms  with  a  nominal  dimension  of  50mm × 50mm ×

100mm,  as  shown  in  Figure  1.  The  precision  control  of  samples  was  exercised

according to the standard requirements of ISRM 36, with a surface flatness controlled

within ± 0.02mm. Prior to the unloading tests, all the machined samples were dried at

105  for 12 hours, and wave velocity measurements were conducted on them with℃

an ultrasonic measuring system to pick out the samples with nearly the same P wave

velocity.  Subsequently, the true-triaxial experiments on these chosen samples were

conducted using the GCTS Triaxial  Rock Testing System (RTX-3000), which was

capable  of  applying forces  independently in  three  orthogonal  directions.  The rock

sample was placed into the true-triaxial  cell,  which contains two  pairs  of  loading

plates providing the lateral principal stresses. The axial stress are applied by the rigid

loading  frame.  Additionally,  the  rock  sample  deformation  in  each  direction  were

measured by two parallel linear variable differential transformers (LVDTs) fixed on

the true-triaxial cell. 



FIGURE 1 Experimental procedures (a) ultrasonic measurement (b) sample preparation (c) 

putting the sample into a true-triaxial cell (d) performing the true-triaxial tests with the GCTS 

Triaxial Rock Testing System (RTX-3000)

2.2 Loading schemes

To estimate the effect of stress concentration in rock masses on subsequent unloading

behaviors, we carried out a series of true-triaxial unloading tests with a stress path

considering different maximum principal stress levels, before which the true-triaxial

compressive test was performed for the rational selection of maximum principal stress

levels relevant to unloading tests. These two kinds of true-triaxial tests were described

as follows: 

True-triaxial compressive test was conducted primarily to obtain the true-triaxial

compressive strength (σ1max). The first step was to raise the stresses (σ1, σ2, σ3) on the

surfaces  of  sample  with  a  rate  of  0.1 MPa/s  to  predefined values  (σ1i, σ2i, σ3i)  to

simulate the initial stress state of rock mass, as shown in Figure 2. Then, keeping σ2

and σ3 constant,  σ1 was continuously increased with the rate of 0.1 MPa/s until rock

failure eventually occurred. 

True-triaxial  unloading  tests  were  designed  according  to  the  results  of  true-

triaxial  compressive  test.  Firstly,  the  predefined  in  situ  stresses  (σ1i, σ2i, σ3i)  were



applied on the surfaces of sample with a rate of 0.1 MPa/s. Subsequently, holding σ2

and  σ3 constant,  σ1 was raised to  σ1u (σ1u  =  γσ1max,  γ denotes the maximum principal

stress level parameter)  with the rate of 0.1 MPa/s to simulate different degrees of

stress concentration or initial damage. After that, σ2 was held constant. Meanwhile, σ1

was continuously increased while σ3 was unloaded at the same rate of 0.1 MPa/s until

rock  finally  failed.  The  predefined  in  situ  stresses  and  maximum principal  stress

levels before unloading phase are shown in Table 1.

FIGURE 2 Loading schemes (a) true-triaxial compressive test (b) true-triaxial unloading test

TABLE 1 Specimen number and predefined principal stresses for true-triaxial tests

Test type Sample no. σ3i, MPa σ2i, MPa σ1i, MPa σ1u, MPa σ1max, MPa γ=σ1u/σ1max

True-triaxial

compressive

test

TC-S-1 20 40 50 - 198 -

True-triaxial

unloading test

TU-S-1 20 40 50 139

-

0.70

TU-S-2 20 40 50 149 0.75

TU-S-3 20 40 50 159 0.80

TU-S-4 20 40 50 169 0.85

TU-S-5 20 40 50 179 0.90

TU-S-6 20 40 50 189 0.95



3 Numerical model

3.1 Bonded-particle model

In this  study, numerical  simulations were performed using commercially  available

Particle Flow Code in three-dimensions (PFC3D) 37, which was one of the platforms

based on DEM. In PFC3D, the rock sample was represented by the bonded-particle

model (BPM) that was an assemblage of rigid particles bonded at contacts. The linear

parallel  bond model  (LPBM) was applied in  the particle  contacts.  It  provided the

behavior of two interfaces. The first interface was equivalent to the linear model that

included a pair of linear springs with constant normal and shear stiffness, imposing

elastic interaction between the pieces. The second interface was named parallel bond,

which could be envisioned as a set of elastic springs uniformly distributed over the

bond’s  cross-section.  When  the  parallel  bond  was  created,  any  relative  motion

between the contacting pieces would cause the variation of force and moment within

the  bond material,  which  were  relevant  to  the  maximum normal  and shear  stress

acting on the periphery of the bond. Once the maximum normal stress or shear stress

exceeded the bond strength limit, parallel bond broke, and the contact model turned

into an unbonded state equivalent to the linear model,  as shown in Figure 3.  The

mechanism of force and moment in parallel bond could be described by Eqs. (1)-(6).

                               (1)

                               (2)

                               (3)

                               (4)

                              (5)

                              (6)



where  was  the  increment  of  normal  parallel-bond  force;  and were

components  of  shear  parallel-bond  force  increment;  was  the  increment  of

parallel-bond  twisting  moment;  and  were  components  of  parallel-bond

bending moment increment; and were normal and shear sti ness of the parallel-ff

bond, respectively; was relative normal-displacement increment; and were

components of relative shear-displacement increment; and were polar moment and

moment of inertia of the parallel-bond cross section, respectively;  were relative

twist-rotation increment; and components of relative bend-rotation increment;

was the cross-sectional area. The maximum normal stress and shear stress acting

on the parallel-bond periphery could be calculated using Eqs. (7) and (8).

                             (7)

                            (8)

where was the moment-contribution factor; was the radius of the bonded zone;

was the shear parallel-bond force in vector form; was the parallel-bond bending

moment in vector form.



FIGURE 3 Linear parallel bond model

3.2 Model generation and micro-parameter calibration

The  macroscopic  behaviors  of  BPM  are  determined  by  the  micro-parameters

characterizing the parallel bonds and particles 38, which cannot be obtained directly

from  the  laboratory  experiments.  Therefore,  these  micro-parameters  have  to  be

calibrated by comparing the macroscopic behaviors of BPM with that of physical rock

sample. By far researchers have developed some parameter calibration methods 39-

42, among which trial-and-error method is the most common one. In this study, the

true-triaxial compressive test corresponding to the physical experiment was involved

in matching the macroscopic behaviors and the micro-parameters were also confirmed

by using  the  trial-and-error  method.  Firstly,  a  numerical  sandstone  sample  with  a

dimension of 50 mm × 50 mm × 100 mm was created. It was composed of 5606

particles, of which the size followed a uniform distribution and ranged from 1.8mm to

2.1mm. The particles were bonded by parallel-bond contacts, as shown in Figure 4.

Subsequently, a true-triaxial compressive test with a loading path mimicking above-

mentioned laboratory loading scheme (see Figure 2a)  was conducted.  The desired

stresses applied on the numerical sandstone sample were provided by controlling the

translational velocities of six walls by using a servo-mechanism. Based on this test,

the  micro-parameter  calibration  was  implemented.  The  macroscopic  responses

including  stress-strain  curves  and  failure  mode  were  used  to  calibrate  the  micro-

parameters after each trial. This process was repeated until the macroscopic responses

achieved a good agreement with previous experimental observations. Table 2 presents



the calibrated micro-parameters for Weiyuan sandstone sample. Figure 4 shows the

comparison between the final results of numerical and experimental tests. It can be

observed that the numerically predicted stress-strain curves and failure mode coincide

with the experimental observations, which proves that the calibrated micro-parameters

are capable of reproducing the mechanical and failure behaviors of sandstone under

true-triaxial conditions. 

To further  explore  the  grain-scale  responses  of  sandstone  sample  under  true-

triaxial  unloading  conditions,  we  performed  true-triaxial  unloading  tests  on  the

numerical sandstone sample with these calibrated micro-parameters. The unloading

path  in  numerical  simulation  was  consistent  with  that  used  in  above-mentioned

experimental tests (see Figure 2b), in which the maximum principal stress level was

taken as a primary factor influencing the unloading behaviors of rock samples. In the

next  section,  the  micro-crack  characteristics,  distribution  of  ball  displacement  and

failure  process  were  investigated  to  enhance  our  understanding  in  mesoscopic

mechanical behaviors of sandstone.

FIGURE 4 Numerical sandstone specimen



FIGURE 5 Comparison of DEM simulation results with experimental observations (a) stress-

strian curves (b) failure modes

TABLE 2 Microscopic parameters of sandstone in the true-triaxial compressive test

Microscopic parameters Symbol Value

Particle radius (m) r 1.8e-3 ~ 2.1e-3

Particle density (kg/m3) ρ 2370

Friction coefficient μ 0.6

Parallel bond tensile strength (Pa) 3.1e7

Parallel bond cohesion (Pa) 13.2e7

Parallel bond friction angle (degree) 0

Normal-to-shear sti ness ratioff 1.38

Young’s modulus (Pa) 1.36e10

4 Results and discussion

4.1 Macroscopic mechanical behaviors

The  rock  mechanical  properties  obtained  from  the  laboratory  experiments  and

numerical simulations are presented in Figure 6. Peak strength in present study refers

to the maximum value that the stress difference  σ1-σ1i can reach under true-triaxial

unloading  conditions,  and  peak  strain  is  the  strain  ε1 corresponding  to  the  peak

strength. As seen in Figure 6, the peak strengths simulated by PFC3D with various

maximum principal stress level parameters  γ are very close to those obtained from

laboratory experiments. Similarly, the simulated peak strains generally present a good

agreement  with the experimental  observations.  The main difference in  peak strain

between  experiment  and  simulation  is  that  when  γ  equals  0.75,  the  peak  strain



measured by experiment is much lower than that predicted by simulation. With the

increase in  γ, the peak strength and peak strain all exhibit an increasing trend. The

trend in peak strength implies that under this true-triaxial unloading condition, the

rock bearing capacity is increasingly strengthened with increasing maximum principal

stress level at the initial unloading point. The weaker bearing capacity corresponding

to  a  low  γ is  mainly  due  to  that  unloading  σ3 rapidly  weakens  the  rock  bearing

capacity before the axial stress σ1 becomes large enough. 

Furthermore,  to  quantitatively  analyze  the  difficulty  in  the  collapse  of  rock

sample  under  true-triaxial  unloading  conditions,  the  minimum  principal  stress

decreasing parameter  η involving the decrement in  σ3 within the unloading phase is

proposed as follows: 

                                (9)

where and represent the value of σ3 at the initial unloading point and peak stress

point,  respectively.  Figure  6c  shows  the  variation  of  minimum  principal  stress

decreasing parameter  η from the experiments  and numerical  simulation.  It  can be

observed  that  the  numerical  values  of  η  are  basically  similar  to  those  obtained

experimentally despite the fact that when  γ  equals 0.7, the value of  η  measured by

experiment is obviously lower than that predicted by numerical simulation. It should

be noted that the parameter η varies inversely with γ both in laboratory and numerical

tests, which indicates that a higher level of σ1 at the initial unloading point will reduce

the  decrement  in  σ3 within the  unloading phase.  In  other  words,  the rock sample

collapses more easily with a higher level of σ1 at the initial unloading point under this

true-triaxial  unloading  condition.  Zhou  et  al.  conducted  conventional  triaxial

unloading tests on marble samples and defined the level of σ1 at the initial unloading

point  as  unloading  intensity.  With  the  aid  of  NMR  system,  they  found  that  the

unloading intensity had an effect on the number and size of micro-pores in samples

during the unloading process 11. One can speculate that in present study the extent of



damage caused by micro-pores may differ in the rock samples at the initial unloading

point with different γ, which results in the difference in difficulty of rock failure under

true-triaxial unloading conditions with various γ. In addition, at the initial unloading

stage, the bearing capacities of rock samples with different γ are almost the same due

to close confining pressures. However，at the same time, the sample with a higher γ

means that it will achieve the bearing capacity much sooner. That is one of the reasons

why the parameter η varies inversely with γ. 

FIGURE  6 Mechanical  properties  obtained  from  the  laboratory  experiments  and  numerical

simulation (a) peak strength (b) peak strain (c) minimum principal stress decreasing parameter

Figure  7  presents  the  ultimate  failure  modes  of  sandstones  in  the  laboratory

experiments  and numerical  simulation. Note that  the  breakage of  parallel  bond in

PFC3D is marked as green disk (tensile micro-crack) or red disk (shear micro-crack).

As seen in Figure 7, all the macro fracture planes of rock samples are approximately

parallel to the stress σ2, which should be attributed to the fact that the samples are less



restricted by force in the direction of  σ3.  It  can be observed that as  γ  > 0.75, the

samples  in  physical  experiments  fail  by  shear  with  one  or  two  oblique  fracture

plane(s). However, when γ is no more than 0.75, both the oblique shear fracture and

approximately vertical tensile fracture can be seen in the physical samples, indicating

that the failure mode of samples are mixed tensile and shear failure. Additionally, the

shear fracture angles are measured by a protractor,  and the results show that they

range from 60° to 75°. The distributions of macro fractures in numerical samples are

not entirely consistent with those observed in physical samples. It is mainly due to

that  any  component  such  as  mineral  particle  in  a  physical  sandstone  sample  is

randomly distributed, and the samples are not exactly the same even though they are

extracted from a single rock block. In contrast, the randomness of component in the

numerical samples for different tests is fixed. We can see that the difference of macro

fracture  distribution  between  different  numerical  samples  is  not  obvious.  Similar

dominant shear fracture containing most of the micro-cracks can be found in each

sample and the relevant fracture angle is about 60°. However, the other macro fracture

in the upper-right part of each sample is different from each other. As  γ  is no more

than 0.8, the upper-right fractures are approximately vertical and should be regarded

as tensile fractures, but when γ>0.8, they are shear fractures. Briefly, the failure mode

of rock sample both in laboratory and numerical tests changes from mixed tensile-

shear failure to shear failure with the increase in γ. It is worth noting that when γ is

relatively low, tensile fracture appears both in physical and numerical samples, which

may be due to that unloading σ3 is equated with applying a tensile force on the sample

in σ3 direction, as γ is relatively low, the higher decrement in σ3 within the unloading

phase means a larger tensile force applied on the sample.  



FIGURE 7 Ultimate failure modes of sandstones in the laboratory experiments and numerical

simulation

4.2 Number evolution of micro-cracks

Figure 8 presents the stress-strain curves and the evolution of micro-crack number

obtained from the numerical  simulations.  As seen in Figure 8,  the curves of total

micro-cracks  with  different  γ exhibit  similar  trends.  Take  γ  = 0.7  as  an  example,

during the simulation, the number of micro-cracks gradually increases with the axial

strain. Four characteristic stages can be identified on the curve of total micro-cracks

according  to  the  increasing  rate  of  micro-cracks.  Stage  I  corresponds  to  the

compaction phase of rock sample, and no micro-crack occurs at this stage. Stage II is

generally associated with the phase of linear elastic deformation. At this stage, a few

micro-cracks  can  be  observed  and  the  temporal  distribution  of  micro-crack  is

relatively uniform. Stage III is coincident with the unloading phase. It can be seen that

the micro-crack count rate rises suddenly and the curve of total micro-cracks starts to

bend  upward,  which  indicates  that  the  internal  damage  of  rock  sample  increases

rapidly during this stage. Stage IV corresponds to the post-peak stage. We can see that



the rock sample experiences a sharp growth in micro-crack number again and the

count rate in this phase is much larger than that at former stages, denoting the sudden

appearance of macroscopic fractures after the peak stress point. 

FIGURE  8 Number  evolution  of  micro-cracks  in  the  numerical  simulation  of  true-triaxial

unloading tests

Figure 9 displays some other information about micro-crack number influenced

by the maximum principal stress level parameter γ. As seen in Figure 9a, the number

of accumulative micro-cracks at the starting point of unloading phase increases with γ,

which indicates under true-triaxial compressive conditions, damage accumulates in

the rock sample as the stress σ1 grows. In other words, a higher σ1 at the starting point

of unloading phase causes more damage in the rock sample. This confirms that rock

samples with different extents of damage in laboratory can be made by monotonic



loading. It also can be seen that the number of accumulative micro-cracks at the peak

stress point does not change obviously with γ, implying the level of σ1 at the starting

point of unloading phase has little influence on the accumulative rock damage at the

peak stress point. Figure 9b presents the sum of micro-cracks and relevant generation

rate of micro-crack during the unloading phase. The generation rate uc of micro-crack

is calculated by dividing the sum of micro-cracks by the elapsed time steps during the

unloading phase. It can be found that as  γ  increases, the sum of micro-cracks at the

unloading  phase  roughly  shows  a  downward  trend,  while  the  generation  rate  uc

generally increases with γ, which implies that the total damage in the unloading phase

gradually decreases with the increase in level of σ1 at the initial unloading point, but

the corresponding damaging process becomes more violent. Figure 9c presents the

ratio between the amounts of tensile micro-cracks and shear micro-cracks versus γ. It

can be seen that the ratio is larger than 150 in all cases, indicating that the microscopic

failure mechanism of rock sample is mainly tensile cracking. As γ increases, the ratio

at  the  pre-peak  or  unloading  phase  gradually  decreases  and  the  decreasing  rate

relevant to γ < 0.8 is much higher than that in other cases, which implies that under

this unloading condition, the grain-scale shear dislocation tends to occur in rock when

the level of σ1 at the initial unloading point is relatively low. 



FIGURE 9 Micro-crack  characteristics  (a)  sum  of  micro-cracks  at  the  key  stress  points (b)

accumulative micro-cracks and generation of micro-crack during the unloading phase  (c)  ratio

between the amount of tensile cracks and shear cracks

4.3 Spatial distribution of particle displacement and micro-cracks

The macro deformation of rock is controlled by the movement of particles that forms

the rock, so the mechanism of rock deformation can be further explained by analyzing

the movement of particles. In order to better capture the process of particle movement

and  micro-cracking,  four  points  are  identified  on  the  axial  stress-strain  curves  as

shown in Figure 8. a and c denote the initial unloading point and peak stress point,

respectively.  b denotes the midpoint of the unloading phase.  d is  in the post-peak

phase, and the relevant load is 40 percent of the peak strength. Figure 10 presents the

spatial distribution of particle displacement and micro-cracks corresponding to these

four points. The colored arrows represent particle displacement vectors. It can be seen

that  the  spatial  distributions  of  particle  displacement  with  different  γ exhibit



analogous varying trends. Take γ = 0.7 as an example, at point a, the particles at the

upper  and  lower  ends  of  the  sample  move  towards  the  middle  part,  making  the

displacements of particles in middle part lower than those at both ends, and the central

section particles that are near both edges tend to be extruded from the sample, which

is the mechanism of rock dilatancy under compression. At point b, we can see that the

royal blue region in which the displacements of particles are relatively low has been

enlarged, and more particles near both edges are nearly extruded. At point c, it should

be noted that the royal blue region where the displacements of particles are relatively

low has been rotated clockwise by several degrees, with much more particles near

both edges being nearly extruded. At point d, it is worth noting that the royal blue

region  containing  particles  with  lower  displacements  basically  coincides  with  the

macro fracture zone. The directions of particle displacements in the royal blue region

or the macro fracture zone are at random, while the displacement vectors of particles

on both sides of the macro fracture zone are roughly parallel to the macro fracture,

and any two displacement vectors of particles on different sides of the macro fracture

zone are opposite in direction. The multi-direction movements of particles belonging

to the macro fracture zone contribute to explaining the generation of micro-cracks

concentrated in the macro fracture zone. Further analyses show that before point c, the

royal  blue  region  containing  particles  with  lower  displacements  shrinks  with  the

increase in γ, which implies that a higher level of σ1 at the initial unloading point will

make the overall difference in displacements of particles greater. Additionally, it can

be seen from Figure 10 that the spatial distribution of micro-cracks is influenced by

the parameter γ. At point a, the density of micro-cracks in space is proportionate to the

parameter  γ.  When  γ is  lower  than  0.8,  the  micro-cracks  are  fairly  scatter.

Nevertheless, when γ is higher than 0.85, a preferential cracking region containing the

largest  gathering  of  micro-cracks  can  be  observed  in  the  sample.  As  axial  strain

increases, more and more micro-cracks arise and form the preferential cracking region

or make the preferential cracking region thicker and clearer. At point c, it should be

noted that the difference between micro-crack densities in space with various  γ  is



minimal. Following a rapid growth in micro-cracks at the post-peak stage, the macro

fracture bands are eventually formed along the preferential cracking regions. 

(a)

(b)



(c)

(d)

FIGURE 10 Spatial distribution of particle displacement and micro-cracks

4.4 Microscopic interpretation of the formation of macro fracture 

So  far  the  failure  mode  of  brittle  rock  under  various  stress  conditions  has  been

extensively investigated by researchers.43-49 Xu et al19 also pointed out that under true-

triaxial  unloading conditions,  the  level  of  σ1 at  the initial  unloading point  had an

influence on the transition of rock failure mode. However,  few studies have been

made to yield insights on the mechanism of macro fracture. In view of this, further



statistical  analyses  of  the  simulation  data  are  conducted  in  this  section  for  the

microscopic interpretation of the formation of macro fracture.

Figure  11  presents  the  probability  density  functions  of  micro-crack  dip  for

numerical samples corresponding to above-mentioned four loading points. The micro-

crack dip refers to the angle (no more than 90°) between the plane where micro-crack

is  located  and  the  horizontal  plane.  As  seen  in  Figure  11,  there  is  no  obvious

difference between the probability density functions of micro-crack dip with different

γ.  Take  γ  =  0.7  as  an  example,  at  point  a,  the  probability  density  function  is

proportionate to the micro-crack dip. The micro-crack dips ranging from 80° to 90°

are dominant in probability density function, while the probability density functions

of micro-crack dips less than 50° are close to zero. With the increase in axial strain,

the  percentage  of  micro-cracks  with  a  dip  lower  than  50°  gradually  increases,

meanwhile, the accumulative probability of micro-crack dips ranging from 80° to 90°

decreases.  At  point  d,  it  can  be  seen  that  the  probability  density  function  almost

increases linearly with the micro-crack dip, indicating that micro-cracks with various

dips have been generated at  the post-peak phase.  This  should be attributed to the

multi-direction movements of particles in the macro fracture zone. Figure 12 presents

the rose diagrams of micro-crack dip direction for numerical samples corresponding

to  above-mentioned  four  loading  points.  The micro-crack  dip  direction  in  present

study is measured in a clockwise direction from the positive direction of the y-axis. At

point a, it can be observed that the dip directions of micro cracks with different γ are

mainly  distributed  in  the  interval  of  75°~105°  or  255°~285°,  indicating  that  the

dominant dip direction is 90° or 270°, which is consistent with the direction of  σ3.

With the increase in axial  strain,  the shapes of rose diagrams for micro-crack dip

directions  change  from  strip  to  cobble,  and  the  frequencies  of  micro-crack  dip

direction around 90° or 270° decrease gradually. Another feature worth noting is that

there are some difference among the rose diagrams for micro-crack dip directions

with different  γ.  With the increase in  γ, the frequencies of micro-crack dip direction

around 90° or 270° show a decreasing trend. However, as axial strain increases, the



discrepancy among rose diagrams with different γ decreases gradually. 

FIGURE 11 Probability density functions of micro-crack dip 



FIGURE 12 Distribution of micro-crack dip direction

According  to  the spatial  distribution  of  micro-cracks  for  numerical  samples,

before the formation of macro fracture band, most of the micro-cracks arise along a

nearly  vertical  or  vertical  direction  and  the  corresponding  dip  directions  mainly

coincide with the direction of σ3. Moreover, almost all the micro-cracks in the samples

are tensile micro-cracks. One can speculate from these findings that at the initial stage

of physical experiments, the mineral grains squeeze each other in the direction of σ1

under  true-triaxial  compression.  Owning to  less  constraints  in  the  direction  of  σ3,

neighboring  mineral  grains  on  the  similar  level  horizontally  are  most  likely  to

generate  the  largest  relative  displacement  in  the  direction  of  σ3,  so  the  cements

between these mineral grains break first, inducing the occurrence of primary micro-

cracks with steep dip angles, as illustrated in Figure 13. Due to inhomogeneity of

sandstone, micro-cracks firstly appear in the relatively weak cements. As a result, the

primary micro-cracks distribute randomly at the initial stage of experiments. Once the

weaker  cements  are  destroyed,  the mineral  grains  on both sides  of  these  cements

move  apart  in  opposite  directions,  increasing  the  relative  distances  between  the

mineral grains initially affected and other mineral grains around them, which leads to

the breakage of cements around the mineral grains involved in the primary micro-

cracks. Therefore, clusters of micro-cracks are generated along the primary micro-

cracks.  With the development of micro-crack clusters and micro-cracks caused by

inhomogeneity of rock, a preferential cracking region containing the largest gathering

of  micro-cracks  is  gradually  formed.  The  previously  generated  micro-cracks  will

cause large deformation or stress concentration in neighboring cements. Therefore,



much more micro-cracks will occur in the preferential cracking region at an alarming

rate, resulting in the ultimate macro fracture band with a clear boundary. Compared

with the micro-cracks appearing at the initial stage of experiments, the later micro-

cracks are more likely to be induced by the disturbance from adjacent micro-cracks,

so the orientations of later micro-cracks tend to be more random. It can be used as an

explanation for  the  variations  of  micro-crack  dip  and dip direction with the axial

strain in Figure 11 and Figure 12.

For sandstone samples with different γ, one of the primary features about failure

mode is that when γ is relatively small, both macro shear and tensile fractures can be

observed in the samples. As seen from Figure 10, at point a, micro-cracks have been

aggregated to form the preferential cracking region in the upper right part of sample if

γ is  relatively  high,  subsequent  σ3 reduction  can  hardly  alter  the  type  of  ultimate

macro fracture whose location is restricted by the preferential cracking region, so only

shear macro fracture occurs in the upper right part of sample. However, when  γ is

relatively small,  the upper-right  shear  macro fracture is  replaced by tensile  macro

fracture.  To yield insights  on the transition of  failure mode with increasing  γ,  we

present  the  distribution  of  contacts  in  tension  and corresponding  contact  force  in

Figure 14. The contacts are first projected onto the σ2-σ3 plane and the contact angle is

measured  in  an  anticlockwise  direction  from the  projection  line  of  contact  to  the

contact axis. It can be seen that at pre-peak stage, almost all the angles of contacts in

tension are distributed in the interval of 165°~195° or 345°~15°, indicating that the

angles of contacts in tension have a preferential horizontal orientation. At point d, the

statistical curve for contact angles have rotated clockwise by several degrees. It is

worth noting that at point a, the number of contacts in tension with different contact

angles and corresponding contact force are basically proportionate to the parameter γ.

However, with the increase in axial strain, the increasing rates of contact number and

corresponding contact force in tension with a relatively low γ are generally larger than

those with higher γ. At point b, the contacts in tension corresponding to γ = 0.7 are the

most,  which  implies  that  during  the  unloading phase,  more  contacts  change from



compressive state into tensile state in the sample with a relatively low γ. Moreover,

the corresponding contact fore relevant to γ = 0.7 is the largest at point c. A superiority

in tensile contacts between particles when γ is relatively low makes the particles more

likely  move toward  both  sides  and causes  the  difference  between the  preferential

cracking  regions  with  different  γ.  As  a  result,  the  approximately  vertical  fracture

forms in the upper right part of sample when γ is relatively low.

FIGURE 13 Interpretation of macroscopic failure (red line represents micro-crack)

(a)

(b)



(c)

(d)

FIGURE 14 Distribution of contact in tension and corresponding contact force

5 Conclusions

In  this  study,  the  mechanical  behaviors  and  failure  characteristics  of  sandstone

samples under true-triaxial  unloading conditions with different maximum principal

stress  levels  were  comprehensively  investigated  by  laboratory  tests  and  DEM

simulations.  A comparison was  firstly  made  between  the  macroscopic  mechanical

behaviors  obtained  from  the  laboratory  experiments  and  numerical  simulations.

Detailed analyses were then conducted in terms of the micro-cracks characteristics

and particle displacement to reveal the microscopic mechanism of rock deformation

and failure. The following conclusions can be drawn：

(1) The maximum principal stress level at the initial unloading point has an influence

on the true-triaxial unloading behaviors of sandstone samples. As the level of σ1



at the initial unloading point increases, the ultimate bearing capacity of sandstone

sample  is  increasingly  strengthened,  while  the  sample  collapses  more  easily

during the unloading process, and the failure mode of sandstone sample changes

from mixed tensile-shear failure to shear failure. 

(2) Under true-triaxial unloading conditions, the micro-crack count rates of sandstone

samples experience a faster growth at the unloading stage compared with those at

the former stages and reach a maximum after the peak stress point. As the level of

σ1 increases, the accumulative micro-cracks at  the unloading point and micro-

crack  generation  rate  during  the  unloading  phase  exhibit  an  increasing  trend,

while the sum of micro-cracks at the unloading phase and the ratio between the

amount of tensile micro-cracks and shear micro-cracks roughly show a downward

trend.

(3) At the unloading point, the displacements of particles in middle part of sandstone

samples are lower than those at both ends. As the axial strain increases, the region

where the displacements of particles are relatively low is gradually rotated and

finally coincides with the macro fracture zone in which the directions of particle

displacements are at random. 

(4) The formation of macro fracture in sandstone sample is  closely related to the

stress conditions and material inhomogeneity. Due to material inhomogeneity and

less constraints in the direction of σ3, the randomly distributed micro-cracks more

likely  arise  along a nearly  vertical  or  vertical  direction  at  the  initial  stage  of

testing and corresponding dip directions basically coincide with the direction of

σ3. As the axial strain increases, previously generated micro-cracks cause large

deformation  or  stress  concentration  in  neighboring  cements  of  rock  samples,

inducing more  micro-cracks  nearby,  which  finally  results  in  the  formation  of

ultimate macro fracture band. The approximately vertical fracture in the upper

right  part  of  sample  when  γ is  relatively  low  should  be  attributed  to  the

superiority in tensile contacts between particles in terms of contact number and

corresponding tensile force.  
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