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Abstract 
One of the methods used to investigate the damaged zone in rock structure is the 

acoustic emission method. This method is based on receiving the elastic waves that are 

produced by deformation and cracking of the rock mass around the underground 

excavation. In this research, a study is conducted on the rock samples by a numerical 

method to investigate the damaged zone caused by the excavation of circular space on it. 

For this purpose, 33 cube samples of three different material types including sandstone, 

concrete, and cement-plaster mortar are prepared. A circular hole is drilled in the center 

of each sample. The hole diameter is 20 or 25 mm. The samples are loaded uniaxially or 

biaxially with different stress rates. It is tried to study the acoustic events occurring in 

the samples during the test, and their locations are investigated. Then the experiments 

are evaluated by a numerical method using the FLAC3D software and some developed 

codes. The relation between the sample damaged zone where the acoustic events have 

occurred during the loading period and the numerical elements that reach a degree of 

tensile and shear yield is studied. The results obtained show that the amount of 

cumulative acoustic parameters in cement-plaster mortar specimens is more than the 

others. In fact, the finer grains, the more amounts of energy and counts will be produced. 

Also, the results show that with increase in the lateral pressure and loading rate, the 

amount of cumulative energy and counts decreases. 

1. Introduction 

The propagation of damage around underground 

excavations could lead to fractures. This changes 

hydraulic and mechanical properties of the rock 

mass surrounding the underground excavations. 

Thus, it is important to study the damaged zone in 

the underground excavations, particularly for 

waste disposal. The damaged zone in an 

underground excavation in the civil and dam 

construction projects could result in irreversible 

outcomes. It is impossible to excavate an 

underground space near the foundation without 

identifying the damaged zone, because the 

excavation changes stress on the rock mass 

around excavation [1-3].  

From a theoretical view, the excavation damaged 

zone, starts at the excavation surface and develops 

to an extent where the physical, mechanical, and 

hydro-mechanical characteristics of rock mass 

change. Formation of a damaged zone is very 

sensitive to the development and propagation of 

micro-cracks [1, 4]. 

Several physical and numerical methods have 

been presented to identify EDZ, each of which has 

an espial complication and require more research 

works. Nowadays, acoustic emission (AE) is used 

as a non-destructive method for determination and 

evaluation of the damaged zone [1, 5]. Acoustic 

events are created in propagation of the elastic 

waves caused by deformation and crack initiation. 

This method can be used for evaluation of damage 

in the rock around the excavation [5]. In this 

research, the hollow cube samples are built, and 

by laboratory and numerical methods, excavation 

damage zone is investigated. 

http://www.jme.shahroodut.ac.ir/
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2. Literature review 

As it is shown in Figure 1, excavation damage 

zone is divided into 3 separate zones as HDZ, 

EDZ, and EdZ. HDZ consists of large-scaled 

fractures and crushed rocks. The greatest amount 

of damage occurs in underground excavation in 

this area. Induced stresses are responsible for 

damage in EDZ. In this zone, changes such as 

deformation, permeability, and initial stresses 

happen to rock mass. In the case of EdZ, the 

induced stresses are not enough for micro-crack 

initiation, so the damage is reversible [1].  

 
Figure 1. Various zones around an underground excavation [1]. 

Since the initiation and propagation of cracks are 

always accompanied by acoustic emission waves, 

Zhang et al. (2006) have proposed equation 1 to 

define the relation between the acoustic parameter 

and the damage variable (D) [6]: 

𝐷 =
Ω

Ω𝑚
 (1) 

Where Ωm is a cumulative number of an acoustic 

emission parameter such as hits, counts, 

amplitudes or energies determined when the 

sample is destroyed, and Ω is the cumulative 

number of the same acoustic emission parameter 

during a damage process and  0 ≤ Ω ≤ Ωm or 0 ≤
D ≤ 1 [6]. 

A biaxial compression test has been performed by 

Fakhimi (2002) on a sandstone specimen with a 

circular opening to simulate a loading-type failure 

around an underground excavation in a brittle 

rock, and a failure process has been detected by 

the AE technique. He showed that the micro-crack 

pattern in the numerical model (PFC2D) was 

compatible with the locations of AE determined in 

a laboratory test (Figure 2) [7]. 

 

 
Figure 2. Damaged pattern in laboratory sample and numerical model [7]. 

Zhu (2005) has shown that for a circular opening 

under uniaxial compression or a low lateral 

pressure coefficient, a primary tensile crack, a 

remote tensile crack, and a shear crack develop. 

For a lateral pressure, the coefficients are less than 

0.25, the applied stresses are required to form the 
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primary tensile crack, and for excavation, collapse 

increases with increasing lateral pressure. When 

the lateral pressure coefficient is 0.75 or 1.0, no 

primary tensile crack develops, and the state of 

stress at the initiation of shear damage increases 

with the lateral pressure [8, 9]. 

In order to simulate the failure process around the 

underground excavations in brittle rocks, Wang 

(2012) has used a perforated sample, and utilized 

the finite element code RFPA2D to model the 

failure process. He recognized that the results of 

numerical modeling and AE events were in good 

matchings [10]. He applied different values of 

confining pressures ranging from 3 to 11 MPa to 

study the effect of variation in confining pressure 

on the circular hole. The results obtained indicated 

that the tensile cracks were the main reason of 

failure when the value of confining pressure was 

low (3 MPa), while for higher confining pressures 

(5 and 7 MPa), the quantity of tensile cracks 

decreased and the shear cracks caused failure. 

This behavior can be explained by the high values 

of confining pressures, which prevent the 

initiation and propagation of the tensile cracks. He 

showed that the cumulative number of AE events 

decreased with a higher confining pressure 

(Figure 3) [10]. 

 
Figure 3. Numerically simulated results of the cumulative number of AE events versus normalized displacement 

(displacement/height) of specimens with confining pressures [10]. 

Zhao (2014) have shown that when granite blocks 

containing one pre-existing cylindrical cavity are 

loaded in an uniaxial compression condition, the 

profiles of cracks around the cavity can be 

characterized by tensile cracking (splitting parallel 

to the axial compression direction) at the roof-

floor, compressive crack at two side walls, and 

remote or secondary cracks at the perimeter of the 

cavity. Moreover, the fracture around cavity is 

size-dependent. In granite blocks containing 

multiple parallel cylindrical cavities, the adjacent 

cylindrical cavities can influence each other, and 

the eventual failure mode is determined by the 

interaction of tensile, compressive, and shear 

stresses [11]. 

Liu (2015) created D-shape holes in granite 

samples and conducted AE experiments on them. 

He used the moment tensor for locating the AE 

events. He noticed that during the loading process, 

the initiated micro-cracks were divided into the 

three categories of shear mode, tensile mode, and 

mix mode. About 60% of the cracks are of shear 

mode, while less than 30% are of tensile mode. 

The shear mode cracks occur on the walls but 

tensile cracks initiate on the crown [12]. 

Xu (2017) have studied the process of damage and 

crack initiation in granite samples using the 

moment tensor, showing that crack initiation and 

failure happen in the zone where there is a stress 

concentration. He showed in his experiments that 

for circular cavities, shear cracks were dominant 

with a percentage more than 45%, and tension 

cracks were fewer, accounting for less than 40% 

of the total events. He showed that the tensile 

failure occurred on the crown and bottom, while 

shear failure appended on the walls [13]. 

3. Sample preparation and testing 

In this research, the cube shape samples with 

dimensions of 150 × 150 × 150 mm were built to 

study the damaged zone due to an underground 

excavation. As presented in table 1, the selected 

materials for the samples were sandstone, 

concrete, and cement-plaster mortar. As the next 

step, a circular hole with different diameters of 20 
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and 25 mm were drilled in the center of each 

sample. 

A Santam loading machine with capacity of 100 

tons and precision of 0.04 micrometer 

deformation was used for applying uniaxial stress 

on the samples. It is a self-controlled device, and 

is able to apply load on the samples with a 

constant rate. The displacement rate in the 

uniaxial tests was 0.2 to 0.8 (mm/min). It also can 

automatically record the stress and strain 

magnitude during the loading and unloading time 

(Figure 4). The AE device was vallen system 

Gmbh Co., which had 4 sensors for data 

acquisition and planar analyzing, and produced 

some acoustic parameters, e.g. cumulative counts 

and energy. 

Table 1. Material type and loading type 

No. Material type Loading type Number of test 

1 Sandstone uniaxial 10 

2 biaxial 5 

3 Cement-plaster mortar uniaxial 10 

4 Concrete uniaxial 8 
 

 
Figure 4. Uniaxial (a) and biaxial (b) loading on cube sample with hole. 

Three patterns of acoustic sensor location in the 

samples were proposed for data acquisition. It 

should be mentioned that pattern A was chosen as 

the ideal pattern, and was used for uniaxial 

loadings. Pattern B was also used for biaxial 

loadings because placing a sensor in the center of 

samples was not possible. Pattern C was not 

utilized in the study because of the existence of a 

continuous void in the center of samples, and 

recording acoustic data was not correct. The 

patterns are shown in Figure 5. 

 
Figure 5. Different patterns for locating acoustic sensors on the samples. 

In this study, 33 tests were conducted on the 

samples with different hole diameters under 

uniaxial and biaxial loading conditions with 

distinctive displacement rates.  

4. Analysis of experiments 

4.1. Analysis of AE parameters  

The process of uniaxial and biaxial loading on 

perforated cube samples and cumulative curves of 

energy and counts for acoustic events during 

loading is indicated in Figures 6 to 8. The primary 

results of the experiments on the samples are 

presented in Table 2. It should be noted that the 

porosity of the concrete specimens is much more 

than the porosity of the sandstone and plaster 

specimens, which significantly influence the 

failure mechanism of the specimens. 
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In the next step, in order to analyze the 

experimental results, it was tried to draw 

cumulative counts and cumulative energy vs. 

different loading rates in two different hole 

diameters. Also variations in different material 

sample strength, cumulative energy, and 

cumulative counts vs. increasing the lateral 

pressure in different hole diameters were drown. 

These curves are presented in Figures 9 to 11.  

  

Figure 6. Cumulative energy and counts vs. time and stress vs. time for sandstone sample. 

  
Figure 7. Cumulative energy and counts vs. time and stress vs. time for concrete sample. 

  
Figure 8. Cumulative energy and counts vs. time and stress vs. time for cement-plaster mortar sample. 
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Table 2. Primary results of tests and AE data. 

Test 

No. 

Material 

type 

Loading 

type 

Diameter 

hole 

(mm) 

Displacement 

rate (mm/min) 

lateral 

pressure 

(MPa) 

Strength 

(MPa) 

Acoustic parameters 

Cumulative 

count 

Cumulative 

hit 

Cumulative 

energy 

1 

Sandstone 

uniaxial 

25 

0.2 0 
21.9 8.8 × 107 5.1 × 105 12.8 × 108 

2 22.4 8.2 × 107 4.7 × 105 12.4 × 108 

3 
0.4 0 

23.5 7.4 × 107 3.5 × 105 12.3 × 108 

4 22.8 7.8 × 107 3.9 × 105 11.5 × 108 

5 
0.8 0 

23.5 6.1 × 107 2.8 × 105 10.1 × 108 

6 24.2 6.5 × 107 3.0 × 105 10.6 × 108 

7 

20 

0.2 0 23.8 6.2 × 107 3.1 × 105 8.4 × 108 

8 
0.4 0 

24.3 5.8 × 107 2.9 × 105 7.8 × 108 

9 25.1 5.9 × 107 2.7 × 105 7.4 × 108 

10 0.8 0 25.8 5.7 × 107 2.9 × 105 7.6 × 108 

11 

biaxial 

25 0.4 

1.0 24.7 3.2 × 107 2.1 × 105 2.3 × 108 

12 3.0 27.5 1.7 × 107 8.1 × 104 1.5 × 108 

13 5.0 31.5 1.1 × 107 5.9 × 104 7.0 × 107 

14 
20 0.8 

1.0 25.6 1.7 × 107 8.5 × 104 2.6 × 108 

15 5.0 32.8 9.6 × 106 5.2 × 104 1.1 × 108 

16 

Cement- 
plaster 

mortar 

uniaxial 

25 

0.2 0 
14.7 9.5 × 107 5.4 × 105 27.2 × 108 

17 14.9 8.7 × 107 5.1 × 105 26.7 × 108 

18 
0.4 0 

15.6 9.0 × 107 5.3 × 105 26.1 × 108 

19 15.4 8.1 × 107 4.5 × 105 24.6 × 108 

20 
0.8 0 

15.7 7.4 × 107 4.0 × 105 22.3 × 108 

21 16.1 7.7 × 107 4.5 × 105 19.8 × 108 

22 

20 

0.2 0 15.2 7.7 × 107 4.3 × 105 18.6 × 108 

23 
0.4 0 

15.9 8.5 × 107 5.0 × 105 16.3 × 108 

24 16.3 7.1 × 107 4.0 × 105 13.5 × 108 

25 0.8 0 16.9 6.9 × 107 3.8 × 105 12.1 × 108 

26 

concrete uniaxial 

25 

0.2 0 22.5 7.1 × 107 3.6 × 105 12.1 × 108 

27 
0.4 0 

23.9 6.7 × 107 3.2 × 105 11.7 × 108 

28 23.2 6.5 × 107 3.3 × 105 11.4 × 108 

29 0.8 0 25.1 6.6 × 107 3.1 × 105 11.1 × 108 

30 

20 

0.2 0 23.4 5.4 × 107 2.5 × 105 9.1 × 108 

31 
0.4 0 

24.1 5.1 × 107 2.7 × 105 8.2 × 108 

32 25.1 4.6 × 107 1.9 × 105 8.5 × 108 

33 0.8 0 26.6 4.1 × 107 2.8 × 105 7.8 × 108 

 
Figure 9.Cumulative energy vs. displacement rate for different sample type (hole diameter; A: 25 mm, B:20 mm). 
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Figure 10. Cumulative count vs. displacement rate for different sample type (hole diameter; A:25 mm, B:20 mm). 

 
Figure 11. Variations in (a) sample strength, (b) cumulative energy, and (c) cumulative count with increasing 

lateral pressure in sandstone in different diameter holes.  

It should be mentioned that the values of 

cumulative energy and count parameters in the 

cement-plaster mortar samples are generally 

greater than the other samples. The reason for this 

behavior is that the cement-plaster mortar grain is 

finer than the other specimens. In fact, the 

aggregate levels of the seeds that are in contact 

with one another are greater related to the others 
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samples. Therefore, they have a higher ability to 

produce acoustic waves. 

The results obtained showed that with increase in 

the loading rate, the amount of cumulative energy 

and counts decreased. Reduction in the values is 

greater for the cement-plaster mortar samples than 

the others sample. In fact, with increase in the 

loading rate, duration of stress in samples and 

cumulative acoustic parameter reduces. Therefore, 

small loading rate of 0.2 mm/min was chosen for 

the studied location. 

In the following, by increasing the lateral pressure 

that increases the samples strength, cumulative 

values of energy and counts decrease due to the 

reduction in the total displacement of the samples 

and decrease in the movement of energy-

producing grains. As noted, Wang also observed 

in his experiments that the cumulative number of 

AE events decreased with a higher confining 

pressure. 

4.2. Location analysis 

The study of acoustic events location around the 

hole in the sample was one of the main objectives 

of this research. Different techniques are used to 

explain the process and location of the acoustic 

events, which describe how and where damage 

occurs in the rock media. The determination of 

events location is carried out by minimizing the 

interval between the received times of different 

waves of an event.  

The basis for location calculation is the time-

distance relationship implied by velocity of sound 

wave, which is called point location. The absolute 

arrival time (t) of a hit in an event can be 

combined with the velocity of the sound wave (v) 

to yield the distance (d) from the sensor to the 

source [14]. Therefore: 

𝑑 = 𝑣𝑡 (2) 

In this formula, the velocity is constant, and the 

distance between the source of unknown 

coordinates (x0, y0, z0) and sensor i with known 

coordinates (xi, yi, zi) can be found as [15]: 

𝑑𝑖 = √(𝑥𝑖 − 𝑥0)
2 + (𝑦𝑖 − 𝑦0)

2 + (𝑧𝑖 − 𝑧0)
2  (3) 

The distance of the source to the sensor “i” can 

also be given by [14]: 

𝑑𝑖 = 𝑣(𝑡𝑖 − 𝑡0) (4) 

Where ti is the arrival time to sensor i and t0 is the 

time of event occurrence. 

These calculations are complicated due to the lack 

of accurate knowledge of the occurrence time. To 

get around this problem, all the times are 

considered relative to the first hit of the event. 

Each arrival time difference implies a difference 

in distance to the sensor relative to the distance to 

the first hit [16, 17]. For the second sensor, i = 2, 

relative to the first sensor, i = 1, a difference 

equation can be written as [14]: 

𝑡2 − 𝑡1 =
(𝑑2 − 𝑑1)

𝑣
 (5) 

Considering a 2D geometry (plane), where x0 and 

y0 are unknown coordinates of the source, Eq. 3 

can be combined with Eq. 5 to yield: 

𝑡2 − 𝑡1 = [√(𝑥2 − 𝑥0)
2 − (𝑦2 − 𝑦0)

2

− √(𝑥1 − 𝑥0)
2 − (𝑦1 − 𝑦0)

2]/𝑣 
(6) 

This equation contains two unknowns (x0 and y0) 

and cannot be solved by itself. To get a second 

equation with the same two unknowns, a third 

sensor should be added to the produced equation: 

𝑡3 − 𝑡1 = [√(𝑥3 − 𝑥0)
2 − (𝑦3 − 𝑦0)

2

− √(𝑥1 − 𝑥0)
2 − (𝑦1 − 𝑦0)

2]/𝑣 (7) 

These simultaneous equations can then be solved 

for x0 and y0. The math becomes more 

complicated when extended to three dimensions 

(volumetric) but the approach remains the same 

[14]. 

Estimation of the hit location obtained from the 

data could contain errors due to different reasons. 

These errors can be investigated using the AE 

software by the “LUCY” graph. In fact, “LUCY” 

is named as the location uncertainty. It is possible 

to determine the uncertainty for every located 

acoustic event using the software. Since the 

accuracy of the acoustic event location is very 

important, estimation of the hit location that has 

an error value more than +/- 1 mm is not 

accounted for the following analysis [18]. 

A typical drawing of the acoustic event location 

during the loading period with a rate of 0.4 

mm/min on the sandstone specimen is shown in 

Figure 12. The value of the maximum stress in 

each level was a percentage of the failure stress, 

meaning: level one;10%, level two; 25%, level 

three; 50%, level four; 70%, level five; 80%, and 

level six; 100%. 
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Figure 12. Acoustic event location in different loading steps (A: 0.1σcri, B: 0.25σcri, C: 0.5σcri, D: 0.7σcri, E: 0.8σcri, 

and H: σcri), and G: test No. 3. 

As it is indicated in Figure 12, for level one, 

almost all the recorded acoustic events are 

stochastic and do not have a specific distribution 

pattern. In level two, the acoustic events are 

observed in the top and bottom of the hole. 

According to the rock mechanics analysis, these 

events are of tensile mode. For the stress value 

equal to half the failure stress meaning level three, 

the acoustic events increase in the top and bottom 

of the specimen, and in addition, the scattered 

acoustic events occur throughout the sample. Also 

a limited number of events are observed in the 

walls of the sample. The expansion of the acoustic 

events in the top and bottom of the specimen 

almost stops in level four. The acoustic events 

happen in a direction parallel to the diameter of 

the specimen. In Figures 13 to 15, the examples of 

failures in the samples and the acoustic event 

location are observed. In this study, the damage 

observed in the laboratory samples was similar to 

the damage observed in the Fakhimi’s 

experiments (Figures 2 and 12). More explanation 

regarding this subject will be presented after the 

numerical analysis. 

5. Numerical analysis 

In this research, a numerical method was used to 

better understand and complete the experimental 

works. The FLAC3D software was used for the 

numerical method. The experimental sample was 

simulated with the numerical model and the 

geomechanical properties of the samples were 

applied to the model. In order to verify the 
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numerical model, a comparison was made 

between the results of the numerical model and 

the experimental results. The relations between 

the zone where the acoustic events occurred 

during the loading period in the sample and the 

zone (elements) in the numerical model that 

yielded shear or tensile were studied. 

 
Figure 13. Acoustic event location in a concrete sample. 

 
Figure 14. Acoustic event location in a cement-plaster mortar sample.  

 
Figure 15. Acoustic event location in a concrete sample.  
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5.1. Heterogeneity in sample 

Rock materials consist of different types of 

minerals (cement materials, voids, and micro-

joints) that cause the rock to become 

heterogeneous. Some of the mentioned 

components have different physical and 

mechanical properties, which means that their 

reaction to loading will be different. Thus, it is 

necessary that this heterogeneity is considered in 

the numerical model; otherwise, a simplification 

in the numerical model will not provide a full 

description of the damage process. Therefore, 

according to what was said, the spatial 

distribution of heterogeneity in rock samples 

could play a decisive role in the strain caused by 

loading period and controlling the failure stages 

[19, 20]. 

Liu (2004) has introduced the Weibull distribution 

function to describe heterogeneity in a rock. As 

shown in Figure 16, the Weibull distribution is a 

continuous probability distribution [19, 20]. 

 
Figure 16. Heterogeneous spatial distribution in a numerical model in FLAC3D [19]. 

In this function, parameters of a numerical model 

could be defined randomly in the interval [0, 1]:  

𝑢 = 𝐹(𝑥) = 1 − exp⁡[−(
𝑥

𝛽
)𝑚] (8) 

The inverse form is: 

𝑥 = 𝐹−1(𝑢) = 𝛽[−ln⁡(1 − 𝑢)]
1
𝑚 (9) 

Where u is the distribution function defined in 

FLAC3D using URAND, m is the heterogeneity 

index, and β is the model scale parameter [19]. 

In the numerical modeling, in order to achieve 

more realistic results comparable to those 

obtained from the laboratory tests, the 

heterogeneous distribution for the geomechanical 

parameters such as cohesive, internal friction 

angle, and tensile strength was used. To apply the 

inherent heterogeneity of the samples in order to 

obtain perfect results, a code based on the above 

equations was developed, and was performed 

using the FLAC3D software. Therefore, each 

element in the numerical model was randomly 

assigned geomechanical parameters with a 

scattering value. In fact, with the code, 

heterogeneity in the geomechanical parameters of 

samples could be defined in the numerical model. 

5.2. Study of damaged zone 

In order to investigate the damaged zone in 

FLAC3D, it is necessary to choose the yield or 

failure criterion. The Mohr-Columbian criterion 

was selected because it had a good conformity 

with the rock behavior. This criterion is presented 

in Equation 10. In the software, to show the area 

of yield or failure, in other words, damaged zone, 

it uses the strength to stress ratio. In the software, 

this ratio is calculated instantaneously, and its 

previous value is not considered in the loading 

period. Therefore, a special code was developed 

and was performed in the software, which could 

calculate the ratio at each stage of loading for the 

shear or tensile failure mode separately. It should 

be noted that another application of this code is 

the safety factor calculation at each loading step. 

In the software, the compressive stress is assumed 

with a negative sign and the tensile stress with a 

positive sign. Therefore, according to the 

criterion, the ratio of strength to stress can be 

determined by Equation 11. 

The Mohr-Coulomb criterion is provided in 

Equation 10. In FLAC3D, the compressive stress is 

assumed as a negative value, while the tensile 

stress is considered as a positive value. The ratio 
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of strength to stress could be defined by means of 

Equation 11 based on this criterion [21]. 

σ
1f
= (

1 + sin(φ)

1 − sin(φ)
)σ3 − 2C√

1 + sin⁡(φ)

1 − sin⁡(φ)
 (10) 

In the above equation, f is safety factor in shear 

failure. According to equation 11, this ratio could 

be calculated for shear failure in each element of 

the numerical model in each loading step and the 

elements that achieved the specified coefficient 

[21]. According to equation 11, this ratio could be 

calculated for shear failure in each element of the 

numerical model in each loading step and the 

elements that achieved the specified coefficient 

[21].  

In order to calculate the safety factor in the zone 

affected by tensile stress, elements with a positive 

value of minor stress (σ3) are identified, and the 

safety factor is calculated according to Equation 

(12). 

F =
σt
σ3

 (12) 

In order to compare the results obtained from the 

numerical model and the laboratory sample, it is 

required to develop a specific code and performed 

in the software according to Equation 12. The 

code can independently calculate and plot the 

ratio of strength to shear or tensile stress at each 

loading step for each element cumulatively.  

The strength to the stress ratios of 1, 1.3, 1.6, and 

2 were chosen, and the zones with this ratio were 

displayed separately. The relation between these 

zones and the sample zones where acoustic events 

occurred during the loading period were 

evaluated. In fact, the acoustic events occur due to 

(1) sliding of grains, and (2) crack initiation or 

propagation in the rock specimens.  

5.3. Numerical modeling 

In this part of the study, the results of the 

laboratory tests were reviewed by constructing the 

numerical models. To achieve this, the mechanical 

parameters of the laboratory sample (e.g. strength, 

elasticity modulus) were applied to the numerical 

models, and then these models were adapted 

according to the laboratory results. For example; 

in Figure 17, stress vs. displacement curve in the 

experimental and the numerical model is shown. 

In total, for all experiments, there was a maximum 

of 10% difference between the parameters of the 

numerical and laboratory models (σc and 

displacement).  
Following adaptation of the numerical models, the 

relation between the elements of a numerical 

model that reached a degree of shear or tensile 

yielding was investigated with zone of laboratory 

samples that acoustic events occurred during 

loading. 

The numerical models were executed by 

considering the heterogeneity coefficients of 2, 

10, 20, and 100, and the loading steps in which 

the stress was 10, 25, 50, 70, 80, and 100 percent 

of failure stress and the strength-stress ratios of 1, 

1.3, 1.6 and 2 and stress-strain curve of each case 

was plotted. The tensile and shear failure zones 

with the above assumptions for a sandstone 

sample (test No. 4) as a representative of results 

are presented in Figures 18 to 21.  

 

 
Figure 17. Stress vs. strain curve in the experimental and numerical model. 
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Figure 18. Tensile and shear yield zone of heterogeneous numerical model with applying coefficient of strength to 

stress ratio equal to 1. 

As indicated in Figure 18, zones of tensile failure 

were observed in the top and bottom of the 

specimen along direction of loading when the 

model was assumed homogenous under a stress 

equal to half the specimen strength. In this step, 

no shear failure zone was observed in the sample. 

It should be noted that although the tensile failure 

zone at the specimen’s top continued to expand 

during the next loading steps, they did not affect 

the model’s final failure process. 

When the applied load to model was increased to 

70% of the specimen’s strength, shear failure 

zones were observed in the walls of the specimen 

hole. In the final steps of loading, the failure zone 

was observed along the specimen’s diameter. As 

noted, Zhao (2014) and Xu (2017) in their 

experiments showed that tensile cracking at the 

roof-floor and shear crack took place at two side-

walls. 

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Shear fail  𝜎 = 0.25𝜎𝑚𝑎𝑥 

Shear fail  
𝜎 = 0.50𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.25𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.50𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 𝜎𝑚𝑎𝑥 
Tension fail  
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Figure 19. Tensile and shear yield zones of non-homogeneous numerical model (m = 20) by applying coefficient 

of strength to stress ratio equal to 1.3.  

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.25𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.50𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.25𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.50𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 𝜎𝑚𝑎𝑥 
Tension fail  
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Figure 20. Tensile and shear yield zones of non-homogeneous numerical model (m = 10) by applying coefficient 

of strength to stress ratio equal to 1.6. 

As it can be seen in Figures 18 to 21, when the 

specimen is more heterogeneous and the ratio of 

strength to stress is higher, the initiation of tensile 

and shear failure zones occurs in a smaller stress. 

The correlation coefficient between the results of 

acoustic events in laboratory specimens and 

tensile and shear zone in numerical model is 

presented in table 3. 

As shown in the 3, up to 10% of the failure stress, 

the events are random and there is no clear 

relationship between the observed acoustic events 

in laboratory specimens and yield zone in the 

numerical model. 

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.25𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.50𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.25𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.50𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 𝜎𝑚𝑎𝑥 
Tension fail  
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Figure 21. Tensile and shear yield zones of non-homogeneous numerical model (m = 2) by applying coefficient of 

strength to stress ratio equal to 1.6. 

The results obtained also showed that the 

correlation coefficient increased when applying 

the heterogeneity coefficient and the strength to 

stress ratio in the numerical model. It should be 

noted that in the cement-plaster mortar samples, 

there is a better correlation between the acoustic 

events in laboratory samples and the yield zone in 

numerical model than in the sandstone samples 

and concrete samples. 

Based on the results obtained from this study, for 

the sandstone and cement-plaster mortar model, it 

is recommended that the strength to stress ratio 

and the heterogeneity coefficient are defined as 

1.3 and 20, respectively, and for the concrete 

model, the strength to stress ratio and the 

heterogeneity coefficient are 1.3 and 10, 

respectively. 

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.25𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.50𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Shear fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Shear fail  𝜎 = 𝜎𝑚𝑎𝑥 

Shear fail  

𝜎 = 0.10𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.25𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.50𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.70𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 0.80𝜎𝑚𝑎𝑥 
Tension fail  

𝜎 = 𝜎𝑚𝑎𝑥 
Tension fail  
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Table 3. Correlation coefficient between results of the acoustic events in laboratory specimens and tensile and 

shear yield zone in numerical model. 

Material type 
Strength to stress ratio 

(tensile and shear) 

Correlation coefficient 

Stress to failure stress percentage 

10% 25% 50% 70% 80% 100% 
weighted 

average 

Sandstone 

1.0 

(homogeneous) 
0.00 0.00 0.25 0.32 0.41 0.48 0.34 

1.3 

(heterogeneity coefficient =20) 
0.00 0.65 0.72 0.84 0.86 0.72 0.75 

1.3 

(heterogeneity coefficient =10) 
0.00 0.62 0.69 0.76 0.77 0.71 0.70 

1.6 

(heterogeneity coefficient =10) 
0.00 0.69 0.61 0.65 0.67 0.65 0.63 

1.6 

(heterogeneity coefficient =2) 
0.82 0.77 0.52 0.53 0.56 0.49 0.55 

Cement-plaster 

mortar 

1.0 

(homogeneous) 
0.00 0.00 0.29 0.35 0.42 0.55 0.38 

1.3 

(heterogeneity coefficient =20) 
0.00 0.71 0.79 0.88 0.87 0.75 0.79 

1.3 

(heterogeneity coefficient =10) 
0.00 0.67 0.74 0.77 0.80 0.75 0.73 

1.6 

(heterogeneity coefficient =10) 
0.00 0.75 0.62 0.69 0.70 0.66 0.66 

1.6 

(heterogeneity coefficient =2) 
0.85 0.78 0.59 0.58 0.62 0.53 0.60 

Concrete 

1.0 

(homogeneous) 
0.00 0.00 0.22 0.28 0.40 0.45 0.32 

1.3 

(heterogeneity coefficient =20) 
0.00 0.59 0.66 0.81 0.79 0.67 0.70 

1.3 

(heterogeneity coefficient =10) 
0.00 0.66 0.72 0.78 0.84 0.72 0.74 

1.6 

(heterogeneity coefficient =10) 
0.00 0.65 0.58 0.62 0.65 0.60 0.60 

1.6 

(heterogeneity coefficient =2) 
0.72 0.70 0.45 0.52 0.50 0.45 0.50 

 

6. Conclusions 

In this study, the acoustic emission (AE) 

technique was used for evaluation of the damaged 

zone around underground opening. To achieve 

this purpose, 33 cube samples were prepared from 

3 different materials and a circular hole with 

different diameters was drilled in the center of 

each sample, and then the uniaxial and biaxial 

tests were conducted in the laboratory. 

The AE parameters during the loading of samples 

were studied, and the locations of acoustic events 

were detected. In the next step, FLAC3D software 

was used for more investigation of the damaged 

zone around the openings. A numerical modeling 

was developed using the fish function and the 

locations of AE events in experimental models 

were compared with the yielded zone of the 

numerical simulation. The conclusions of this 

study can be summarized as follow: 

1. With increase in the loading rate, the recorded 

AE events decreased in different specimens. Then 

when a small loading rate (0.2 mm/min) was 

chosen for testing, the location of the events was 

predicted with more accuracy than the other 

loading rates. 

2. The default yielding criterion in FLAC 

produced a small plastic zone around the 

openings, which did not have a good correlation 

with the AE locations detected in the experimental 

specimens. However, on the basis of the 

heterogeneity coefficient and strength to stress 

ratio, a new numerical model was developed using 

the FLAC fish functions. The results of the 

numerical modeling revealed that there was a 

good correlation between the AE locations 

detected in the experimental specimens and 

yielded zones in the developed numerical model. 

3. The appropriate value for strength to stress ratio 

in the developed models was 1.3 for all the three 

different types of specimens (concrete, cement-

plaster mortar and sandstone).  

4. The heterogeneity coefficient is an influencing 

parameter for evaluation of the damaged zone 

around the opening, and the specimens with more 

heterogeneity possessed a larger damage zone 

around the openings. 
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5. An appropriate value for the heterogeneity 

coefficient of sandstone and cement-plaster 

mortar was 20, while the concrete specimens had 

more heterogeneity and the relevant heterogeneity 

coefficient was 10 for the understudied concrete 

specimens. 
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 چکیده:

اماوا   افاتیبار در یروش مبتنا نیا. ااساتآوایای روش انتشاار  گیرد،مورد استفاده قرار می یدر سازه سنگ دهید بیآس ناحیه یبررس یی که برایهااز روش یکی

 ای در، ناحیه آسایب دیاده ناشای از حفار فیااهای دایارهقیتحق نی. در ااست حفریات زیرزمینیتوده سنگ اطراف  یشکل و ترک خوردگ رییغناشی از ت کیالاست

 گا  مانی، ملات ساسه سنگشامل ممختلف  ادهاز سه نوع م ینمونه مکعب 99منظور،  نیا ی. برامورد مطالعه قرار گرفت یروش عددآزمایشگاهی و روش سنگ به 

تحات بارگاذاری تاک محاوره و هاا . نموناهدر نظار گرفتاه شادمتر یلیم 12 ای 11 هاحفره ر. قطگردید حفر در مرکز هر نمونهای دایره حفره کی و شد هیته و بتن

تارین قرار گرفت. در حالت دومحور برای قرار دادن سنسورهای آوائی ) آکوستیک( سه الگوی قرارگیری مورد بررسی قارار گرفات. بهمتفاوت دومحوره با نرخ تنش 

ثبات شاد. در اداماه نمونه  الگو قراردادن سنسورها مشخص شد و آزمونهای دومحوره بر آن اساس انجام شد. در هنگام انجام آزمون رخدادهای آوایی ساطع شده از

هاای موناهدر ن دهیاد بیآسا ناحیاه نیرابطه بدر ادامه  شد.یابی مکان افتهیتوسعه  یکدها و 3DFLACافزار با استفاده از نرم های آزمایشگاهیمونآز اطلاعات آوائی

ماورد مطالعاه قارار  انادرسایده یبرشا ی وکششتسلیم از  ایدرجهبه که  یعدد هایالمان اند بادادهرخ  یذاردر طول بارگ واییآ رخدادهایکه در آن  آزمایشگاهی

نموناه هرچاه  قاتیاست. در حق نمونه هاریاز سا شتریگ  ب مانیملات س یهادر نمونه یتجمع آوایی یپارامترها زانیدهد که میبه دست آمده نشان م جی. نتاگرفت

و  یتجمعا یانارژ زانیا، میو سرعت بارگذار یفشار جانب شیدهد که با افزاینشان م جی، نتانیهمچن شده بیشتر است. دیتول کانتو  یانرژ ری، مقادباشد ترزیر دانه

 .ابدییکاهش م کانت

 .3DFLACافزار ای، روش انتشار آوایی، نرمناحیه آسیب اطراف تونل، تونل دایره کلمات کلیدی:

 

 

 

 


