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Abstract

Theoretical and experimental studies have revealed that the damage evolution plays an important role in stability of rock structures.
To investigate the damage characteristics of rocks during loading and unloading, a series of conventional triaxial tests and numerical
simulations were conducted on granitic rock specimens under different confining pressures. The stress-strain characteristics and
fracture patterns of tested specimens were first analyzed. It was found that the failure strain in unloading is smaller than the failure
strain in loading. And the difference between the two strains is growing with increasing confining pressure. The failure patterns of
specimens displayed two different failure mechanisms: a single distinct failure and a “X” failure. Based on the law of energy
conservation, the energy evolution was analyzed. The results indicated that absorbed strain energy converted into elastic strain energy
and dissipation energy. For evaluating and predicting damage, two damage degrees were proposed considering increase of
dissipation energy and decrease of tangential modulus, respectively. The results show that before the reversal point of volumetric
strain, the damage degrees were almost unchanged. During the process of unloading the damage degrees increases fast. For the same
strain, lower confining pressure shows more damage. It indicates that the confining pressure has negative effects on increase of the
damage degree. Then, the discrete element model based on elastic and unbreakable voronoi blocks was set-up for tri-axial tests. The
energy evolution and damage process were simulated. And the ratio of failed contacts was used to simulate the damage degree. It
shows that stress-strain behavior as well as micro- and macro-mechanical damage evolution can be reproduced by the DEM model. 
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1. Introduction

Natural rock is commonly in the three-dimensional stress state.

Rock excavations for various applications such as mining,

caving and tunnelling disturb the original in-situ stress field.

According to numerous previous studies in the literature, rock

masses undergo loading before the excavation (Rellesmann et

al., 1957; Wahl et al., 1997; Thasnanipan et al., 1998; Ma et al.,

1999; Martino et al., 2004). During and after the excavations

rock masses close to the open rock surfaces of the excavation

often undergo unloading and stress relaxation that can lead to

severe rock failures, such as rock bursts, spalling and collapses

(Wu et al. (1997), Ha et al. (1998)). The damage evolution in

rocks during both loading and unloading is a non-equilibrium

and nonlinear process and the origin and nature of damage

evolution characteristics in rock can have significant differences

for loading and unloading. Damage evolution behaviour directly

influences the stability of rock structures, meaning that it is of

great importance for any kind of safety considerations of rock

structures (Li et al., 2014; Huang et al., 2010).

Number of experimental studies has been conducted in the

literature to understand the damage evolution behaviour of

various rock types. Ayling et al. (1995) studied the microcrack

propagation in two dry sandstones (Darley Dale and Gosford)

during triaxial deformation and observed an initial closure of

suitably oriented cracks followed by dilatant crack growth

occurring predominantly parallel to the major loading axis. Baud

and Meredith (1997) investigated the damage accumulation in

Darley Dale sandstone during triaxial creep from pore volumometry

and observed that the level of applied differential stress has a

crucial effect on the creep rate and time-to-failure. Eberhardt et

al. (1998, 1999) explored the progressive pre-peak damage process

in pink Lac du Bonnet granite under uniaxial compression and

showed that the crack initiation and crack damage thresholds for

pink Lac du Bonnet granite are 39% and 75% of peak strength,

respectively. Cai et al. (2004) studied the generalized crack
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initiation and crack damage stress thresholds of granite under

uniaxial compression, and found that the crack initiation and

crack damage thresholds take a general form that is found to be

applicable to jointed rock masses of fair or better quality by

replacing the intact rock uniaxial compressive strength by the

uniaxial compressive strength of the jointed rock mass. Sun et al.

(2004) conducted a series of triaxial compression experiments on

a weathered porphyrite and concluded that the tested weathered

soft rock under both unsaturated and saturated conditions has

strong confining-pressure dependency of deformation. Li et al.

(2012) discussed the dispersion damage mechanics based on the

fracture mechanics and established the relationship between the

micro-fracture and the macro dilation. Wasantha et al. (2014)

investigated the water-weakening behaviour of Hawkesbury

sandstone in brittle regime and one of their observations suggests

micro-cracking begins at progressively earlier stages of loading

when confining stress increases. Shao et al. (2015) explored the

effect of temperature on the thermo-mechanical behaviour of

Australian Strathbogie granite under uniaxial compression and

observed increasing temperature reduces the stress thresholds for

crack initiation and crack damage and extends the duration of

stable crack propagation. 

The vast majority of the previous experimental studies considered

the damage evolution of rocks under loading and only very few

studies explored that under unloading scenario. For example,

Guo et al. (2012) investigated the mechanical properties of

Jintan mine rock salt under tri-axial unloading test and found that

in the initial stage of unloading, the strain value has a linear

relationship with confining pressure, axial and radial strains

increase sharply with decreasing confining pressure. An obvious

radial expansion is also shown during unloading confining

pressure. Zhao et al. (2014) carried out true-triaxial unloading

tests on granite specimens and found that the rock samples are

prone to strain burst failure under a high unloading rate and the

associated Acoustic Emission (AE) energy release in the strain

burst process is dependent on the unloading rate. Wu et al.

(2004) reported the deformation and strength characteristics of

jointed red sandstone during the unloading of true-triaxial tests

and proposed a new constitutive model which can reflect unloading

failure characteristics of brittle-elastic rock masses. Zhang et al.

(2010) and Qiu et al. (2010) studied the effect of unloading rate

on the strength of rock and concluded that the strength of rock

increases with increasing unloading rate.

Numerical methods, primarily the distinct element method

(DEM)-based methods, have also been used in the literature to

explore the damage evolution characteristics of rock. For example,

Cundall (1980) Used Universal Distinct Element Code (UDEC)

to simulate the behaviour of jointed rock masses subjected to

high and transient loadings. Homand et al. (1998) used UDEC to

reproduce most of the observable characteristics of damaged

zone around an underground opening excavated into brittle

rocks. Christianson (2006) also used UDEC to conduct numerical

triaxial testing on simulated tuff samples to supplement existing

uniaxial data. Gu et al. (2013) simulated unstable rock failure in

shear and compressive loading using UDEC and their results

show that the failure stability is predominantly governed by the

relative stiffness of failing discontinuities and loading stiffness of

wall rocks. Tan et al. (2014, 2015) used UDEC to simulate the

deformation process and failure behaviour of Mosel slate during

the Brazilian tests and their results in better understanding of

failure modes of Brazilian tests on foliated rocks and allow a

more reliable interpretation of strength parameters. Chen et al.

(2015, 2016) analysed the damage process of loaded brittle rocks

using UDEC and found that reasonable stress–strain behaviour

as well as micro- and macro-mechanical damage evolution can

be reproduced by the presented DEM model. It should be noted

that all the above numerical studies considered only the loading

scenario.

Although the damage evolution behaviour of rock under loading

has been well documented that of unloading has not been

satisfactorily explored. Therefore, in this paper, we conduct a

comprehensive experimental study and a DEM-based numerically

simulation program to better understand the damage evolution

characteristics of granitic rocks during loading and unloading. Based

energy conservation theory, the process of energy conservation were

analysed during the loading and unloading. The deformation

behaviour of deformation modulus in loading and unloading were

studied respectively. Two quantitative damage degrees defined by

dissipation energy and the deformation modulus respectively are

introduced to evaluate the evolution of damage in the loading and

unloading process. At last, the UDEC model was used to simulate

the damage evolution of rock under loading and unloading process.

2. Experimental Work

2.1 Testing Material and Sample Preparation

A granitic rock was used for the experiments. The granitic

blocks were obtained at 400-600 m depth of San Shan Dao gold

mine in Shan Dong province. Some basic material properties of

the above granitic rocks is shown in Table 1. Cylindrical

specimens with a diameter of 49-50 mm were cored from a single

rock block, with all coring performed in a common orientation.

The cylindrical cores were then cut to a length of 110 mm. Rock

cores did not show any visible discontinuities, meaning that they

can be assumed as macroscopically homogeneous. Then, the end

surfaces of each specimen were ground to ensure the ends were

perfectly flat and perpendicular to the long axis of the samples

and the final length of the specimens varied between 99.5 and

100 mm (length-to-diameter ratio ≈ 2). The machining accuracy

Table1. Basic Properties of the Tested Material

Property Mean value Range

Longitudinal wave velocity (m/s) 3500 3200-3800

Density (kg/m3) 2500 2470-2542

Compressive strength dry (MPa) 131 119.3-138.2

Elastic Modulus (GPa) 52 50.81-53.12

Poisson's ratio 0.17 0.15-0.19
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of the specimens was in accord with the specifications of

International Society for Rock Mechanics (ISRM) recommended

methods (Ulusay et al., 2007). 

2.2 Testing Apparatus and Procedure

We conducted both loading and unloading tests under triaxial

stress conditions using MTS 815 rock testing system (Fig.1).

This servo-controlled testing system has five major units (Fig. 1);

(1) pumping unit for applying the confining pressure and this

unit has a capacity of 40 MPa, (2) loading frame with a capacity

of 3600 KN for applying the axial load, (3) data acquisition unit

for recording the data related to pressure and loading, (4) linear

variable differential transducer (LVDT) unit to measure the

circumferential strain and (5) a separate LVDT unit to measure

the axial strain.

The testing program was conducted in two series – conventional

loading tests on one set of specimens and unloading tests on the

other specimen set – under three different confining pressures –σ2 =

σ3 = 10, 20 and 30 MPa. In case of the loading tests, the confining

pressure was first applied to the desired level before the constant

stress rate axial loading is applied at a rate of 0.05 MPa/s (provide

hydrostatic pressure as much as possible) until failure (see Fig. 2).

For unloading tests, the confining pressure was first applied

similar to the loading tests and set to a pre-determined level (i.e.

10, 20, and 30 MPa). Then the axial load was applied at a

constant strain rate of 0.05 MPa/s until the deviatoric stress

reaches 80% (close to the yield strength and greater than the

uniaxial strength) of the peak strength under a given confining

pressure (the peak strengths under different confining pressures

were determined from the loading tests). The unloading process

(releasing the confining pressure while maintaining a constant

axial stress) was started after that at a rate of 0.05 MPa/s and

continued until the specimen failure (see Fig. 2). 

3. Experimental Results and Analysis

The results of the experimental work performed as described

in the previous section were analysed in different ways to

meaningfully describe the damage evolution characteristics of

the tested granitic rock under loading and unloading.

Fig. 1. Components of the Testing Apparatus: (a) Overall View of the MTS 815 Rock Testing System, (b) Arrangement of the Specimen

Within the Triaxial Cell (1: pump unit, 2: loading frame, 3: data acquisition unit, 4: an circumferential LVDT, 5: an axial LVDT)

Fig. 2. Schematic Diagram of the Stress Path for Loading and

Unloading Tests
Fig. 3. The Stress–strain Curves of Specimens in Conventional

Tri-axial Compression Tests
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3.1 Stress-strain Characteristics and Failure Mechanisms

Figure 3 shows the stress-strain curves of the specimens tested

under loading. The points P1, P2 and P3 on Fig. 3 indicate the

peak strengths (σ3c) for specimens tested under the confining

pressures of 10, 20 and 30 MPa, respectively. The stress–strain

curves of the specimens tested for unloading are shown in Fig. 4.

As described before, the specimens were loaded up to 80% of

their peak strengths before the unloading process started. The

points a2, b2 and c2 of Fig. 4 indicate the beginning of unloading

and the points a3, b3 and c3 indicate the end of unloading process

at confining pressures of 10, 20 and 30 MPa, respectively. The

volumetric strain εv (εv = ε1 + 2ε3) versus axial strain relationships

are shown in Fig. 5. The points a1, b1 and c1 of Fig. 5 correspond

to the reversal points of volumetric strain versus axial strain

curves of Fig. 5 for the confining pressures of 10, 20 and 30

MPa, respectively. Table 2 summarizes the important mechanical

observations obtained from stress strain variations of Figs. 2, 3

Fig. 4. The Stress–strain Curves of Specimens Under Different

Confining Pressures in Loading And Unloading

Fig. 5. Volumetric Strain Versus Axial Strain of Specimens: (a) Load-

ing Test, (b) Unloading Test

Table 2. The Stress States of Points

σ3/MPa σ3c/MPa σi/MPa σj/MPa σi/σ3c σj/σ3c Failure strain in loading Failure strain in unloading

10 237 150 190 63.3% 80% 0.0058 0.0051

20 306 200 245 65.4% 80% 0.0075 0.0058

30 362 250 290 69.1% 80% 0.0085 0.0066

Fig. 6. Failed Granite Samples at Different Confining Pressure: (A)

Conventional Tri-axial Compression Tests, (B) Tri-axial Tests in

Loading and Unloading
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and 5 (in Table 2, σi represents the axial stress at which the

volumetric strain curve reverses (i = a1, b1, c1) and σj represents

the axial stress at which the unloading was started (j = a2, b2, c2)).

Table 2 clearly shows that σi increases with increasing of confining

pressure in loading and unloading. The ratio of σi/σ3c also rises

with increasing of confining pressure according to Table 2 and it

is within the range of 60%-70% of peak strength for the considered

range of confining pressures. These behaviours are akin to those

observed by Lajtai (1985), Bieniawski (1967) and Eberhardt

(1999). Moreover, Table 2 depicts that the failure strain for

unloading is smaller than that for loading under all three confining

pressures and the difference becomes more pronounced with

increasing confining pressure. 

Post-failure images of the tested specimens are shown in Fig.

6. Two distinct failure patterns can be observed from these

images for the specimens tested under loading and unloading –

the specimens tested under loading failed predominantly with a

single shear fracture plane and two intersecting shear fracture

planes are evident from the samples tested for unloading.

3.2 The Evolution of Secant Modulus 

To describe the variation of secant modulus ET (it was

calculated from two data points which are close to each other in

curve of axial stress versus axial strain)with the axial stress and

confining pressure, an exponential function is shown as following

(Chen et al., 2016; Peng et al., 2015):

(1)

Where A1, A2, A3 and A4 are fitting constants. 

We can see from Fig. 7 in loading tests the secant modulus became

stable over a range of the axial stress when the confining pressure is

constant, and then decreases with increasing axial stress. This shows

that the variation of secant modulus is due to changing axial stress. In

this process due to constant of confining pressure,  is constant.

So in loading test the Eq. (1) can be given as follows:

(2)

Where B1, B2, B3 and B4 are fitting constants. 

During the process of unloading the secant modulus deceased

with confining pressure deceases gradually when the axial is

constant in Fig. 8. It shows that the confining pressure has great

influence on the secant modulus than axial stress during the

process of unloading. So in process of unloading the Eq. (1) can

be shown as follows:

(3)

Where C1, C2, C3 and C4 are fitting constants. 
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Table 3. Fitting Results for ET in Loading and Unloading

Parameters
Loading by Eq. (2)

Parameters
Unloading by Eq. (3)

10 20 30 10 20 30

B4 53.736 55.490 58.550 C4 3.049 44.738 47.599

B1 -0.002 -0.553 -0.267 C1 -5.210 -5.634 -7.991

B2 25.410 70.840 72.283 C2 -0.815 -1.571 -2.481

B3 0 0 0 C3 3.523 9.315 13.844

R
2 0.970 0.968 0.975 R

2 0.966 0.954 0.983

Fig. 7. Fitting and Experimental Results: the Deformation Modulus

Versus Axial Stress in Loading Tests

Fig. 8. Fitting and Experimental Results: the Deformation Modulus

Versus Confining Pressure in Unloading Stage of Unloading

Tests
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Fitting results obtained by Eq. (2) and (3) are shown in Table 3.

R2 is the coefficient of correlation.

Fitting and experimental results for the secant modulus ET are

shown in Fig. 7 and Fig. 8.

When the axial stress is relatively low, the secant modulus

increases with increasing axial stress (This part of curve is not

shown in Fig. 7). This may result in the crack closure. After the

reversal of volumetric strain the secant modulus decreases which

was as a result of damage accumulating to critical value. The

critical value of damage for secant modulus increases with

increasing confining pressures. It also can be observed from the

Fig. 8 in the initial stage of unloading the secant modulus

decreases slowly, and finally decreases rapidly near the end of

unloading process at confining pressures of 10, 20 and 30 MPa,

respectively which reflects the cumulative damage in the rock.

3.3 Energy Evolutions in the Process of Loading and

Unloading

In triaxial tests of rocks, test machine does positive work to the

specimen in the axial direction; confining pressure does negative

work, due to the radial dilation of the specimen. So the strain

energy U of rock in the whole process of tri-axial tests can be

expressed as follow (Huang et al., 2014; Dai et al., 2015; Chen et

al., 2016):

(4)1 3
U U U= +

Fig. 9. Energy in Loading and Unloading Tests for Specimens: Outer Work Energy Versus Axial Strain, Elastic Strain Energy Versus Axial

Strain, Dissipation Energy Versus Axial Strain
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(5)

(6)

Where,  and  are the axial and lateral strain at any time t,

respectively.

Based on the principium of energy conservation, the total

strain energy U can be divided into two parts, the elastic strain

energy Ue which is stored in specimens, and the plastic-damage

strain energy Ud which is responsible for plastic deformation and

crack propagation in specimens. That is,

(7)

According to Xie (2005, 2008) and Huang (2014) the elastic

strain energy is given by:

(8)

Substituting Eq. (4)-(6) (8) into Eq. (7), the following equation

is obtained:

(9)

The calculated energy according to Eq. (8) and Eq. (9) for

loading and unloading tests are shown in Fig. 9 and Table 4. 

According to Fig. 9 U, Ue and Ud understandably increase

with increasing axial strain. Before the reversal of the

volumetric strain curve (i.e. points a1, b1, c1 of the curves) total

energy, U comprises mainly by the elastic energy, Ue with

relatively insignificant contribution from dissipation energy, Ud

for both loading and unloading tests under all confining

pressures. From the reversal of volumetric strain curve

dissipation energy, Ud gradually increases until the failure for

loading tests under all confining pressures. In contrast, it

gradually increases from reversal point of the volumetric strain

curve until the unloading begins for unloading tests followed

by a rapid increase until the failure under all confining

pressures (contrasting gradients can be seen from the curves of

Fig. 9 before and after unloading begins for unloading tests).

This indicates that unloading of loaded rocks fail with

relatively lower axial strain increase compared to rocks that fail

by pure loading, which is also mentioned in last chapter shown

in Table 2.

Dissipation energy variations of Table 4 also shows that the

total energy dissipation at rock failure are 0.18, 0.60 and 0.8

MJ/m−3 for loading tests and are 0.13, 0.25 and 0.6 MJ/m−3 for

unloading test under 10, 20 and 30 MPa confining pressures,

respectively. This reveals that although the failure occurs with

less axial strain increase unloading failures of rock dissipate

lower amount of energy compared to those fail by pure

loading.
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Table 4. The Energy at Key Points in Loading and Unloading Tests

The key point Confining pressure
Loading test Unloading test 

U/ MJ/m-3 Ue /MJ/m-3 Ud /MJ/m-3 U /MJ/m-3 Ue /MJ/m-3 Ud /MJ/m-3

a1 10MPa 0.21 0.20 0.01 0.22 0.21 0.01

b1 20MPa 0.35 0.31 0.04 0.38 0.36 0.02

c1 30MPa 0.58 0.41 0.17 0.59 0.45 0.14

a2 10MPa 0.44 0.41 0.03 0.47 0.41 0.06

b2 20MPa 0.72 0.58 0.14 0.76 0.68 0.08

c2 30MPa 1.0 0.75 0.25 1.05 0.85 0.20

a3 10MPa 0.68 0.5 0.18 0.62 0.49 0.13

b3 20MPa 1.45 0.85 0.60 0.10 0.75 0.25

c3 30MPa 1.90 1.10 0.80 1.52 0.92 0.60

Fig. 10. Dissipation Energy Versus Confining Pressure at Different Points
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Compare the energy conversions under different confining

pressures in loading and unloading as shown in Fig. 10 and Table

4, it can see that the dissipation energy Ud increases with

increasing confining pressure. And the rates of the dissipation

energy Ud also increases with increasing confining pressure in

unloading test which is faster than that in loading test as shown

in Fig. 10.

3.4 The Damage Evolution Based on Secant Modulus

and Dissipation Energy

In order to characterize the damage evolution, dissipation

energy and secant modulus are used to evaluate the damage

evolution under loading and unloading. These damage

degrees are defined as follows (Zhao et al., 2105; Chen et al.,

2016):

(10)

(11)

Where  is the dissipation energy at the end of unloading.

 is the secant modulus at the reversal of volumetric strain.

 is the secant modulus at the end of unloading.

The evolution of damage degrees in unloading tests are shown

in Fig. 11(b) and Fig. 12(b). For comparative analysis the

evolution of that in loading tests are also shown in Fig. 11(a) and

Fig. 12(a).

Figure 12 clearly shows that DW increases slowly before the

reversal of volumetric strain at which DW is 0.052, 0.084 and

0.174 in unloading test (Fig. 12(b)) and DW is 0.05, 0.08 and 0.12

in loading test (Fig. 12(a)) under the confining pressures of 10,

20 and 30 MPa, respectively. And DE almost unchanged in this

process as shown in Fig. 11. It indicated that the work done by

outer forces mainly converted in elastic energy stored in rock.

From the reversal of volumetric strain to the start of unloading,

DW and DE increase fast. At this time, DW is 0.233, 0.343 and

0.371. DE is 0.103, 0.244 and 0.315. It indicated that the reversal

point of volumetric strain is a point of damage acceleration in

loading stage. And it can be observed from the Fig. 11 and Fig. 12

that the damage of the acceleration point increases with increasing

confining pressure. During the process of unloading DW increases

faster. The average variations of DW and DE in unloading are 0.69

and 0.78, respectively. About 70%-80% of damage happened in

this stage. 

In addition, for the same strain, lower confining pressure shows

more damage. Compare the damage degrees under loading and
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Fig. 11. Damage Degree DE Versus Axial Strain: (a) Loading Test,

(b) Unloading Test Fig. 12. Damage Degree DW Versus Axial Strain: (a) Loading Test,

(b) Unloading Test
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unloading in Fig. 11(a)-(b) & Fig. 12(a)-(b), the damage degrees

in unloading test is faster than that in loading test under the same

confining pressures and the difference becomes more pronounced

with increasing confining pressure. If we neglect the variation

before the reversal of volumetric strain, DW and DE show a

similar changement laws. This indicates that both are good to

predict the evolution of damage for different confining pressures

under loading and unloading.

4. Numerical Simulation

4.1 Numerical Simulation Procedure

Universal Distinct Element Code (UDEC) was used for the

numerical simulations. UDEC is a two-dimensional numerical

program based on the distinct element method. UDEC especially

joint model used in UDEC captures several features that are

representative of the physical response of joints. For joint model

in UDEC, all blocks are connection with contacts (corner-to-

corner contacts, edge-to-corner contacts and edge-to-edge contact).

However, edge-to-edge contact is important, because it corresponds

to the case of a rock joint closed along its entire length. The

tensile and shear stresses that act on the contacts are calculated. If

the maximum tensile stress exceeds the tensile strength of the

contacts or the maximum shear stress exceeds the shear strength

of the contacts, the contacts will break. And a micro-tensile crack

or a micro-shear crack, respectively, will form. To investigate the

evolution of damage under both loading and unloading scenarios,

the UDEC model was set-up with elastic but indivisible voronoi

blocks. Model size was akin to those of the diametrical cross

section of specimens used for laboratory testing (i.e. 50 mm

width and 100 mm height) and the average edge length of

voronoi blocks was selected as 0.0025 m which yielded about

840 voronoi blocks in total within the model. Fig. 13 shows a

typical UDEC model and how individual voronoi blocks are

numerically interconnected. 

For a distinct element model such as the UDEC that synthesizes

macro-scale material behaviour from the interactions of micro-

scale components, the input properties of the microscopic

constituents are usually not known. Such intrinsic characteristics

imply that it is nearly impossible to calibrate a set of macro

output properties from the assembly such that they are exactly

equal to that of the physical tests. Only a set of comparable

properties can be obtained from the calibrated model. The basic

geo-mechanical properties of the testing material as depicted in

Table 1 were used as input parameters for the numerical model

and further input parameters used are tabulated in Table 5. The

stresses for numerical simulation of both loading and unloading

tests were applied exactly similar to the way they were applied

during laboratory testing. In the present numerical study, specimens

are loaded under a uniaxial vertical compression in a velocity

controlled manner. A sufficiently low loading rate of 0.03 m/s is

applied to ensure that the specimen remains in a quasi-static

equilibrium throughout the test. It takes approximately 1000,000

steps to load one specimen to complete failure. Besides, in

UDEC model, the axial stress is calculated using the average

stress in the y direction at dozens of locations in the top area. The

lateral and axial strains (strain is equal to displacement divided

by the length or width of model) are calculated using the average

displacement in the x and y directions at dozens of locations in

some sampling area to monitor the specimen response.

Fig.13. UDEC Model

Table 5. UDEC Parameters for Specimens

Parameters kn(Pa/m) ks(Pa/m) J
T(MPa) Jr(MPa) JC Jr

C
Φ(°) Φr(°)

Model 5e14 5e14 30 0 40 0 38 5

Fig. 14. Simulation Results of Tri-axial Loading Tests 
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4.2 Simulate the Stress-strain Characteristics 

To simulate unloading process, we must know the stress-strain

curves of rock under different confining pressures in loading.

Fig. 14 shows the curves of axial stress versus axial strain of rock

under different confining pressures in loading tests. The peak

load is 210 MPa, 305 MPa and 365 MPa under confining

pressure of 10, 20 30 MPa respectively. Compared with lab test

results, the corresponding absolute values have relative error of

13.5%, 0.3% and 1.1%, respectively. The elastic modulus and

poisons rate of the numerical model are 52 GPa and 0.18 which

gives compared to the lab result a relative error of 4% and 5.9%. 

Figure 15 shows the curves of axial stress versus axial strain of

rock under different confining pressures in unloading tests. As

described before, the points a2, b2 and c2 of Fig. 15 indicate the

beginning of unloading and the points a3, b3 and c3 indicate the

end of unloading process at confining pressures of 10, 20 and 30

MPa, respectively. The points a1, b1 and c1 indicate the reversal of

volumetric strain. The axial stresses at the reversal of volumetric

strain are 170 MPa, 210 MPa and 248 MPa at confining

Fig. 15. Simulation Results of Tri-axial Unloading Tests

Fig. 16. Energy in Numerical Simulation for Specimens Under Different Confining Pressures: Outer Work Energy Versus Axial Strain, Elas-

tic Strain Energy Versus Axial Strain, Dissipation Energy Versus Axial Strain
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pressures of 10, 20 and 30 MPa, respectively. Their values are

80.1%, 68.8% and 67.9% of peak strengths at confining

pressures of 10, 20 and 30 MPa, respectively. The average value

of them is 72.2%, which is similar to the results of lab tests. After

the reversal of volumetric strain, the axial stress nonlinearly

increased. This means that the macro cracks are formed and

propagated. In addition, the variation of axial strain in unloading

increases with increasing confining pressures. 

4.3 Simulate the Evolution of Damage Process in Loading

and Unloading

In order to better describe the damage process, the energy

features in UDEC are taken into account. In UDEC, the total

energy balance can be expressed in terms of the released energy

(Wr), which is the difference between the work done at the

boundary of the model and the total stored and dissipated strain

energies:

(12)

Where Uc = Total stored strain energy in material

Ub = Total change in potential energy of the system

W = Total out work energy supplied to the system

Wj = Total dissipated energy in joint shear

Wp = Total dissipated work in plastic deformation of

intact rock

Wr = Released energy

In this paper, only total work energy (W), total stored strain

energy (Uc) and total dissipated The energy features and damage

features in loading and unloading at confining pressures of 10,

20 and 30 MPa, respectively are shown in Fig. 16 and Fig. 17.

As shown in Fig. 16 all energy features can be divided into

three stages. Before the point of a1 or b1 or c1, the out work

energy (W) almost converted to material strain energy (Uc). The

dissipated energy (Wj) almost unchanged. Only a few micro-

cracks initiated. As the axial stress reached peak point (P1, P2,

P3), the dissipated energy (Wj) increased steadily with increasing

axial strain in this stage and micro-cracks penetrated into notable

macro-crack (see Fig. 17). After the peak point, the model failed

(see Table 6). The material strain energy (Uc) decreased and the

disappoint energy increased fast. 

Compare the curves of strain energy in loading and unloading

in Fig. 16. It clearly shows that the out work energy, material

energy and dissipated energy in unloading are smaller than that

in loading when the model failed. It demonstrated the model in

unloading is easier damage than that in loading. In addition, the

all of strain energies in loading and unloading increased with

confining pressures increased. It indicates that the confining

pressure has negative effects on the granite damage. 

A stress drop is obviously observed in Fig. 16. This is due to

micro-cracks penetrated into macro-crack (see Fig. 17), which

leaded to the material strain energy start decreased and dissipated

energy increased. It indicated that the stress of this point is the

damage crack stress. Meanwhile, the damage crack stress increased

with confining pressures increased. 

Table 6 shows the damage pattern of rock under different confining

pressures in loading and unloading. Both numerical simulations

and lab tests demonstrate the shear failure mechanism (a single

distinct failure or a “X” failure) in tri-axial loading and unloading

tests. It also observed from Table 6 that the confining pressure is

higher, the damage of specimen dues to micro cracks is smaller.

This can be explained that the energy stored in specimen under

high confining pressure has no time to released fully when

specimen failure in unloading.

4.3 Simulated Damage Degree

The damage degree for the numerical model is defined by the

ratio of failed contacts versus maximum number of failed

Wr W UC UB Wj Wp+ + +( )–=

Fig. 17. The Damage Process in Tri-axial Test for Confining Pressure of 10 MPa: (a) Before Reversal of Volumetric Strain, (b) At Reversal

of Volumetric Strain, (c) Near the Peak Point
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contacts at end of unloading:

(13)

Where Nc is the actual number of failed contacts under loading

and unloading and  is the maximum number of failed

contacts at end of unloading. 

Figure 18 shows the simulation results of damage degree

versus axial strain in loading and unloading tests. Dn almost

remains unchanged in the initial stage. Near the reversal of

volumetric strain Dn only increases slowly. This means that near

the reversal of volumetric strain micro cracks begin to form and

propagate. Then Dn suddenly increases with a small increase of

axial stress. It indicated that macro cracks start up due to the

accumulation of micro cracks. During the process of unloading it

can be seen that Dn increases steady with unloading of confining

maxc

c

n

N

N
D =

Nc max

Table 6. The Damage Patterns in Loading and Unloading Tests

Confining pressures 10 MPa 20 MPa 30 MPa

Damage patterns in loading tests

Damage patterns in unloading tests

Fig. 18. The Simulation Results of Damage Degree Versus Axial Strain: (a) Loading Test, (b) Unloading Test
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pressures until failure of the samples. 

Compare the Fig. 18(a)-(b), it clearly depicts that the rates of

Dn in unloading test is faster than that in loading test. This

validates the conclusion that obtained before: the damage more

quickly in unloading.

The damage degrees at the reversal (a1, b1, c1) of volumetric strain

are 0.03, 0.02 and 0.04. The damage degree at the start of unloading

are 0.85, 0.80 and 0.78. After the reversal of volumetric strain, the

axial stress sudden drop. If we neglect the influence caused by the

drop, the damage degree at the start of unloading are 0.28, 0.40 and

0.45. Combined with results of lab tests, it can be concluded that

although the results of damage degree are not the same, Dn is similar

with DE and DW. In addition, under the same damage degree rock

sample in higher confining pressure needs more axial stress. It

indicated that confining pressure has negative effect to the damage

of sample in unloading. 

5. Conclusions

A series of conventional tri-axial compression tests was performed

on specimens to investigate the damage characteristics of rocks

in loading and unloading. Based energy conservation theory, the

process of energy conservation was analysed. The deformation

behaviour of secant modulus in loading and unloading was

studied respectively. Two quantitative damage degrees defined

by dissipation energy and the secant modulus respectively are

introduced to evaluate the evolution of damage in the loading

and unloading process. The UDEC model was used to simulate

the damage evolution of rock under loading and unloading

process. Based on the findings of the study, we draw the

following conclusions:

1. The stress at reversal of volumetric strain increases with

increasing of confining pressures. 

The failure strain for unloading is smaller than that for loading

under all three confining pressures and the difference becomes

more pronounced with increasing confining pressure. 

2. The critical value of damage for the secant modulus increases

with increasing confining pressures. In the initial stage of

unloading the secant modulus decreases slowly, and finally

rapidly decreases near the end of unloading which reflects

the cumulative damage in the rock.

3. U, Ue and Ud increase with increasing axial strain. The dissi-

pation energy Ud increases with increasing confining pres-

sure. And the rates of the dissipation energy Ud also increases

with increasing confining pressure.

4. DW and DE increases slowly before the reversal of volumet-

ric strain. For the same strain, lower confining pressure

shows more damage. During the process of unloading, DW

increases faster. The average variations of DW and DE in

unloading are 0.69 and 0.78, respectively. About 70%-80%

of damage happened in this stage.

5. Stress-strain behavior as well as micro- and macro-mechanical

damage evolution can be reproduced by the UDEC model.
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