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Abstract

One of the methods used to investigate the damaged zone in rock structure is the
Excavation damaged acoustic emission method. This method is based on receiving the elastic waves that are
zone 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.
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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
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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.
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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].

Undisturbed rock

Undisturbed rock ="

EdZ

. Deformation modulus

—— Different stress
— Hydraulic conductivity

—
Distance from tunnel boundary

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= @
=0

Where Q,, is a cumulative number of an acoustic

emission parameter such as hits, counts,

amplitudes or energies determined when the
sample is destroyed, and Q is the cumulative
number of the same acoustic emission parameter

during a damage processand 0 < Q< Q, 0or0 <
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 (PFC?°) 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
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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 RFPAZ?® 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].
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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.
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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 x 150 x 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

/i

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

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.

=
=t ol
[ v

P R S Y

;|
| P ———_— . |
IF) —

A

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
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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 sample strength, cumulative energy, and
experimental results, it was tried to draw cumulative counts vs. increasing the lateral
cumulative counts and cumulative energy vs. pressure in different hole diameters were drown.
different loading rates in two different hole These curves are presented in Figures 9 to 11.
diameters. Also variations in different material
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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.

- - Diameter . lateral Acoustic parameters
Test Material Loading Displacement Strength . ; .
hole : pressure Cumulative Cumulative Cumulative
No. e type mm/min) rate MPa
P yp (mm) ( ) (MPa) (MPa) count hit energy
1 0.2 0 21.9 8.8 x 107 5.1 X 10° 12.8x 108
2 ' 22.4 8.2 x 107 4.7 x 10° 12.4x 108
3 - 04 0 235 7.4 x 107 3.5 x 10° 12.3x 108
4 ' 22.8 7.8 x 107 3.9 x 105 11.5 x 108
5 L 235 6.1 x 107 2.8 x 10° 10.1 x 108
uniaxial 0.8 0
6 24.2 6.5 x 107 3.0 X 105 10.6 x 108
7 0.2 0 23.8 6.2 x 107 3.1 x10° 8.4 x 108
8 Sandstone 20 04 0 24.3 5.8 x 107 2.9 x 10° 7.8 x 108
9 ' 25.1 5.9 x 107 2.7 x 10° 7.4 x 108
10 0.8 0 25.8 5.7 x 107 2.9 x 10° 7.6 x 108
11 1.0 24.7 3.2 x 107 2.1 x10° 2.3 x108
12 25 0.4 3.0 275 1.7 x 107 8.1 x 10* 1.5 x 108
13 biaxial 5.0 315 1.1 x 107 5.9 x 10* 7.0 x 107
14 20 08 1.0 25.6 1.7 x 107 8.5 x 10* 2.6 x 108
15 ' 5.0 32.8 9.6 x 10° 5.2 x 10* 1.1 x 108
16 02 0 14.7 9.5 x 107 5.4 x 10° 27.2 x 108
17 ' 14.9 8.7 x 107 5.1 x 105 26.7 x 108
18 - 04 0 15.6 9.0 x 107 5.3 X 10° 26.1 x 108
19 ' 15.4 8.1 x 107 45 x 10° 24.6 x 108
20 Cement- o 08 0 15.7 7.4 % 107 4.0 x 105 22.3 x 108
21 pm'gﬁg uniaxial : 161 7.7 x 107 45 x 10° 19.8 x 10°
22 0.2 0 15.2 7.7 x 107 4.3 x10° 18.6 x 108
23 20 04 0 15.9 8.5 x 107 5.0 x 10° 16.3 x 108
24 ' 16.3 7.1 x 107 4.0 x 10° 13.5 x 108
25 0.8 0 16.9 6.9 x 107 3.8 x 10° 12.1x 108
26 0.2 0 225 7.1 x 107 3.6 X 10° 12.1 x 108
27 - 04 0 23.9 6.7 x 107 3.2 x 10° 11.7 x 108
28 ' 23.2 6.5 x 107 3.3 x10° 11.4 x 108
29 L 0.8 0 25.1 6.6 x 107 3.1 x 10° 11.1 x 108
concrete uniaxial
30 0.2 0 23.4 5.4 x 107 2.5 x 10° 9.1 x 108
31 20 04 0 24.1 5.1 x 107 2.7 x 10° 8.2 x 108
32 ' 25.1 4.6 x 107 1.9 x 10° 8.5 x 108
33 0.8 0 26.6 4.1 x 107 2.8 x 10° 7.8 x 108
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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 di
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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
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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 (Xo, Yo, Zo) and sensor i with known
coordinates (X, Yi, zi) can be found as [15]:

di = /(= %0)% + (i — ¥0)? + (z; — 2)? (3)
The distance of the source to the sensor “i” can
also be given by [14]:

d; = v(t; — to) 4)

Where t; is the arrival time to sensor i and to is the
time of event occurrence.
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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]:

d,—d
tz_tlz(zv 1) (5)

Considering a 2D geometry (plane), where xo and
Yo are unknown coordinates of the source, Eq. 3
can be combined with Eq. 5 to yield:

-t = [\/(xz —x0)? — (y2 — ¥0)? 6
N [ i A V)

This equation contains two unknowns (Xo and yo)
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—t; = [\/(xs - xo)z - (J’3 - yO)Z
— G = %02 = (1 — y0)?] /v

()

These simultaneous equations can then be solved
for xo and yo. 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: 0.16cri, B: 0.256¢ri, C: 0.56¢ri, D: 0.76cri, E: 0.86cri,
and H: ocri), 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
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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 FLAC® 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.
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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 FLACSP [19].

In this function, parameters of a numerical model
could be defined randomly in the interval [0, 1]:

u=FG) =1 - exp[~()") ®)
The inverse form is:

1
x = F~Y(u) = B[-In(1 — w)]m 9)

Where u is the distribution function defined in
FLAC® using URAND, m is the heterogeneity
index, and f 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 FLAC® 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.
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5.2. Study of damaged zone

In order to investigate the damaged zone in
FLAC?P, 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 FLAC®P, 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].

_ (1 +sin(e) 1 + sin(o)
%1 = (1 - sin(cp)) o3~ 2C 1 — sin(¢) (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 (o3) are identified, and the
safety factor is calculated according to Equation
(12).

=— (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

= — = Numerical

Exprimental

Stress (MPa)

0.0 0.2 0.4

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 (o 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.

0.8 1.0 12 14

Figure 17

Strain (%)

. 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.
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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.
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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
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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.
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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.
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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.
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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

Correlation coefficient

Stress to failure stress percentage

(tensile and shear) 10% 25% 50% 70% 80% 100% weighted
average
1.0 0.00 000 025 032 041 0.48 0.34
(homogeneous)
1.3
(heterogeneity coefficient =20) 0.00 065 072 084 086 0.72 0.75
1.3
Sandstone (heterogeneity coefficient =10) 000 062 069 076 077 071 0.70
1.6
(heterogeneity coefficient =10) 0.00 069 061 065 0.67 0.65 0.63
1.6
(heterogeneity coefficient =2) 0.82 077 052 053 056 049 0.55
10 000 000 029 035 042 055 038
(homogeneous)
13
(heterogeneity coefficient =20) 000 071 079 088 087 075 0.79
Cement-plaster 1.3
mortar (heterogeneity coefficient =10) 0.00 067 074 077 08 075 0.73
1.6
(heterogeneity coefficient =10) 0.00 0.75 062 069 070 0.66 0.66
1.6
(heterogeneity coefficient =2) 0.85 078 059 058 0.62 0.53 0.60
10 000 000 022 028 040 045 032
(homogeneous)
1.3
(heterogeneity coefficient =20) 0.00 059 066 081 079 0.67 0.70
1.3
Concrete (heterogeneity coefficient =10) 0.00 066 072 078 0.84 0.72 0.74
1.6
(heterogeneity coefficient =10) 0.00 0.65 058 062 0.65 0.60 0.60
1.6 072 070 045 052 050 0.45 0.50

(heterogeneity coefficient =2)

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
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predicted with more accuracy than the other
loading rates.

2. The default vyielding 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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