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Keywords Abstract
Dynamic slope stability in open-pit mines still remains a challenging task in the
Chadormalu Mine computational mining design. Earthquake and blasting are two significant sources of

dynamic loads that can cause many damages to open-pit mines in active seismic areas
Seismic Hazard Analysis ~ and during exploitation cycles. In this work, the effects of earthquake and blasting on
the stability of the NW slope of Chadormalu mine are compared by a numerical
modeling method. The dynamic results show that the maximum displacement under
earthquake and blasting loads within the slope are 844 mm and 146 mm, respectively.
Dynamic Slope Stability ~ According to the shear strain results, both the earthquake and blasting waveforms are

destructive, while the earthquake waveforms cause more damages to the slope.

Numerical Modelling

Earthquake Moreover, the deterministic and probabilistic seismic hazard analyses are carried out to
assess the seismicity of the mine area. The experimental results indicate that the
Blasting maximum values for the vertical and horizontal accelerations are 0.55 g and 0.75 g,

respectively. The maximum calculated acceleration is then scaled to the selected
earthquake accelerograms. In order to show the effective impact of the established scale,
the model is executed using the original accelerograms. The results obtained show that
the established scale prevents overestimation and underestimation of the displacement
and strain. Therefore, applying scaled accelerograms in a dynamic slope stability
analysis in mine slopes leads to more reliable and robust results. The overall results
show that a strong earthquake causes plenty of damages to the slope, and consequently,
interrupts the mining cycle. Hence, the seismic study and dynamic slope stability should
be considered as a part of the computational mining design.

1. Introduction

The dynamic slope stability analysis is a materials as rock masses [2]. Rock slopes such as

significant scope in geotechnical engineering, and
is generally assessed by implying numerical
modeling methods. Applying these techniques
will lead to obtain stress distribution and
deformation state. However, the use of physical
modeling in the simulation of geotechnical and
mining problems has acquired a worldwide
acceptance, especially by the development of
geotechnical centrifuge machines [1]. Though,
due to the complexity of the failure mechanism,
numerical modeling is still more reliable for
simulation of heterogeneous and anisotropic

4 Corresponding author: roshanakshafiei@ut.ac.ir (R. Shafiei Ganjeh,).

open-pit mine slopes suffer from induced damages
that are caused by dynamic loads including
earthquake and blasting. For example, on July
1990, a 5.3 magnitude earthquake triggered a
rotational landslide at the Panluo open-pit mine in
SW Fujian Province in China [3]. On the other
hand, Hoek (1975) has proposed that although
blasting waves are not capable of inducing major
instabilities in mine slopes, stability of individual
benches of the pit is affected by near surface
damages caused by these waves [4]. Such
instabilities in pit benches can expose main roads
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of the mine, and consequently, delay the
exploitation cycle. Therefore, studying the effects
of dynamic loads in open-pit mines plays an
important role in the computational mining design
and exploitation.

The stability of open-pit slopes has been
considered in various research works. For
instance, Read and Stacey published a guideline
for designing open-pit slopes [5]. Moreover, an
index called MSII has been introduced to assess
the instability of open-pit mine slopes [6]. In most
recent research works, the critical parameters such
as rainfall, blasting method, and geometry of the
slope are used to analyze the stability of open-pit
slopes by means of artificial neural networks [7]
and the quantitative hazard assessment system [8].
In the past decades, several researchers have been
engaged in dynamic slope stability using the
numerical modeling methods. Based on our best
knowledge, as the first attempt, Clough (1960)
introduced an engineering analysis called the
finite element method (FEM) on the basis of the
mathematical approach first developed by Courant
(1943) [9, 10]. The stability of slopes under
earthquake load has been widely considered in the
literature. Seed et al. (1973) and Wilson and
Keefer (1983) conducted dynamic slope stability
analyses on earthquake-induced landslides [11,
12]. In addition, non-linear inelastic soil models in
two-dimensions and three-dimensions have been
developed and implemented in the earthquake-
induced dam and landslide models [13-15]. Some
relevant topics have also been considered in this
scope such as the seismic stability analysis of rock
slope by means of the finite difference method
(FDM) [16], comparison between different slope
stability analysis methods during an earthquake
[17], involving the influence of the tension failure
on the seismic slope stability by FDM [18]
dynamic slope stability analysis using real
accelerograms as seismic load [19], and
developing a safety factor calculation model in
dynamic phase based on the Hoek-Brown failure
criterion [20]. In more recent works, the effects of
earthquake on open-pit mines in seismically active
areas have been considered [21]. The dynamic
slope stability analysis has also been carried out
where the dynamic load has been performed based
on the expected peak ground acceleration of the
studied area [22]. Moreover, the stability analysis
of the earthquake-induced rock slopes and the
relativity of their failure mode to the actual
condition of the material parameters have been
analyzed [23]. Xiong and Huang (2017) have
considered the parameters that affect the dynamic
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stability of slopes, mentioning the variability and
uncertainties in components [24]. Fan et al. (2018)
have presented a new seismic input method that
considers near-field oblique incidence based on
the mechanisms of artificial viscous boundaries
and the influence of incident angle on the dynamic
response of rock slopes. Accordingly, the most
damaging incident direction has been recognized
as perpendicular to the slope surface [25]. In
another study, the stability of the NE slope of the
Daralou open-pit mine against a secondary
toppling failure has been studied by means of
FEM to predict the behavior of the final slope in
static and dynamic conditions [26]. In addition,
the shaking table tests have recently been noted in
the dynamic slope stability field [27, 28]. Lin et
al. (2018) developed a method to investigate the
behavior of a dip slope under the shaking table
test, while Song et al. (2018) clarified the dynamic
stability of a rock slope by means of the shaking
table tests and discussed the effects of
discontinuities and rapid drawn down on the slope
during the earthquakes. However, despite the
earthquake load, the effect of blasting waves on
the stability of slopes has been dealt with in
limited studies. The stability of rock slopes
subjected to the blasting load has been analyzed
using the discrete element method (DEM) [29, 30]
and FEM [31]. In most recent research works,
Jiang et al. (2017) studied the influence of
underground mining blasting on the stability of
open-pit slopes using FEM [32], and Zheng et al.
(2018) proposed an effective and simple model to
preliminary assess the stability of rock slopes
based on the degree of blasting damage [33].
Generally, the seismic slope stability has been
investigated considering different numerical
approaches including FEM [19, 26, 31, 32], FDM
[16, 18, 34], and DEM [29, 30].

In this work, we studied and compared the effects
of earthquake and blasting on the stability of mine
slopes. Here, the stability of the NW slope of the
Chadormalu mine was analyzed under both the
earthquake and blasting loads using a numerical
modeling method. Besides, the seismicity of the
Chadormalu mine was estimated based on the
deterministic (DSHA) and probabilistic seismic
hazard analyses (PSHA). In addition, for
modeling the earthquake and blasting loads, the
actual waveforms from three destructive events
and three recorded explosions at the mine site
were applied. To determine the stability of the
slope, a numerical model was established base on
FDM. The model was then analyzed using both
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the static and dynamic approaches to obtain the
stability condition in either states.

The rest of this paper is organized as what
follows. In Section 2, the geological features of
the case slope are presented. In Section 3, the
proposed methods for this work including seismic
hazard analysis, dynamic load preparation, and
numerical modeling are stated. Results and
discussion are presented in Section 4, and
conclusions are drawn in Section 5.

2. Geological features of case slope

The Chadormalu mine is one of the largest iron
reserves in Iran. It is located in an active seismic
area that experienced destructive earthquakes such
as Tabas (1978, Mw: 7.7) and Zarand (2005, Mw:
6.5). In addition, blasting operation in the
Chadormalu mine is inevitable in the exploitation
cycle. The geographical location of the
Chadormalu mine, the geological map and the
section of the slope under study (AA'), and the
approximated trace of the AA' section on the pit
are shown in Figures 1, 2 and 3, respectively.

Despite the high strength of formative rocks, the
slope has suffered from instabilities due to several
faults establishing fracture zones. As shown in
Figure 4, nine faults are recognized within the
slope. Rock weathering in surface layers of the
slope is also another reason for the observed
instabilities. The F-a fault shown in Figure 4
exhibits a strike-slip fault perpendicular to the
slope surface. Back in 2012, as the exploitation
procedure had moved forward, some movements
were observed in the F-a fault hanging wall
toward the center of the pit. Monitoring the results
showed that the movements were compatible with
the occurrence of a 4.8 magnitude earthquake on
March 15, 2012. Tension cracks were also
observed around the installed monitoring pins
(Figure 5).

Geotechnical investigations and site-monitoring
observations showed that the tension cracks
appearing on top of the slope were growing and
leading to instabilities in different levels of the
slope. Some of these tension cracks and minor
instabilities of the slope are shown in Figure 6.
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Figure 1. Geographical location of Chadormalu iron ore mine in Yazd Province in Iran.
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Figure 2. Geological map of Chadormalu mine showing five domains of the pit and the section under study (AA')
in domain 4.
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Figure 3. The approximated trace of the section undler study (AA' on the NW slope of Chadormalu mine.
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Figure 5. The installed monitoring pins to monitor the displacements around the F-a fault hanging wall on top of
the slope under study. Tension cracks are observed around these pins.
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b

Figure 6. Tension cracks and minor instabilities of the slop. a: Location of the tension cracks on top of the slope
(shown in black rectangle); b: Tension cracks on top of the slope; c: Minor instability (planar failure) observed
within the slope.

3. Materials and methods

In the proposed method, initially, the seismic
hazard analysis was carried out by the DHSA and
PSHA approaches. Afterwards, the dynamic loads
including collected earthquakes and recorded
blasting waves were prepared to perform the slope
stability analysis. In the next sub-sections, the
details of the seismic hazard analysis, dynamic
load preparation, and numerical modeling process
are stated.

3.1. Seismic hazard analysis

The purpose of the seismic hazard analysis is to
determine a ground motion with its associated
occurrence interval and the uncertainties at a site
of interest [35]. The DHSA and PSHA methods
play a significant role in the seismic hazard
analysis and complement each other to provide
additional insights for seismic problems [36]. In
the DHSA approach, the parameter of interest was
assessed for an earthquake with a specific
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magnitude and a constant source-to-site distance
[37]. On the other hand, in the PSHA method, the
effects of different magnitudes, recurrence time,
epicentral location, and amplitude of the
interested  parameter were taken  under
consideration [38, 39].

In this work, all the recorded earthquakes since
1911 in 150 km radial distance of the Chadormalu
mine with a moment magnitude (Mw) greater than
4 were collected for the seismic hazard analysis
(Figure 7). Based on the DSHA approach, each
recorded earthquake was assigned to a seismic
source. The peak ground acceleration (PGA) in
both the horizontal and vertical directions was
calculated by Zare (1999) using the attenuation
relationship developed for Iran [40]. The
maximum calculated vertical and horizontal PGA
values using the DSHA approach were 0.55 g and
0.75 g, respectively. In order to estimate the
probability based on the PSHA approach, three
distinct  probabilities  including  distance,
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magnitude, and PGA were calculated. Finally, the Chadormalu mine based on the PSHA approach
calculated probabilities of all seismic sources with a 475-year return period is shown in Figure
were combined. The hazard curve for the 8.
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Figure 7. Seismic hazard analysis area and active faults in 150 km radial distance of Chadormalu mine.
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Figure 8. The hazard curve of Chadormalu mine based on PSHA approach with a 475-year return period.
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3.2. Dynamic load preparation

In the -earthquake dataset, the transverse
component of the acceleration history of the
Tabas, Zarand, and Zanjiran earthquakes has been
adopted as sources of dynamic loads rather than
the commonly used sinusoidal wave. The Tabas
and Zarand events happened in the central-Iran
zone, which is the same seismotectonic zone as
the Chadormalu mine, while the Zanjiran
earthquake occurred in another seismotectonic
zone, i.e. Zagros [41].

The Tabas earthquake occurred in September 16,
1978. The surface magnitude (Ms) of this event
was declared to be 7.4. The depth of this
carthquake was estimated to be 34 km. The
selected accelerogram belonged to the Deyhook
station at the 33.29 North latitude and 57.5 East
longitude geographical coordination [42]. The
Tabas event is a near fault earthquake that can
properly simulate the effect of the Chadormalu
fault seismic activity on the site.

The Zanjiran earthquake happened in June 20,
1994 in the Fars district in Iran. The depth of this
5.7 Ms event was declared to be 8 km. The
selected accelerogram was taken from the

3372
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Zanjiran station at the 29.88 North latitude and
52.62 East longitude geographic coordination.
The highest recorded acceleration in the
Alpine-Himalayan orogenic belt, i.e. 1.006 g
belongs to the Zanjiran event [43]. As shown in
Figure 10(b), the waveform of this event begins
with a high acceleration impact, the same as the
blasting waves. Therefore, the results of this event
are comparable to the blasting results and also
confirm the effects of the seismotectonic zone on
the waveforms.

The Zarand earthquake took place in February 22,
2005. The Mw value for this event was declared
to be 6.5. The earthquake happened at a 10 km
depth. The selected accelerogram was chosen
from the Bafgh station at the 31.63 North latitude
and 55.42 East longitude geographic coordination
[44]. The rupture of the Kuhbanan fault was
recognized as the cause of this event. The
Kuhbanan fault is one of the seismic sources
within our seismic hazard study, and this makes
the Zarand earthquake a significant event in the
dataset. The location of all the three mentioned
accelerograms are shown in Figure 9.

Figure 9. Location of Deyhook, Bafgh, and Zanjiran stations that recorded Tabas, Zarand, and Zanjiran events,
respectively.
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In order to adjust the selected accelerograms to
the site condition, the maximum calculated
acceleration obtained for the DSHA approach was
scaled to the mentioned  earthquake
accelerograms. Therefore, the peak acceleration of
each accelerogram used was equal to 0.75 g. The
waveforms of the scaled earthquakes are shown in
Figure 10.

In the blasting dataset, three blasting operations
were recorded using the Guralp CMG-6TD
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seismometer at the Chadormalu mine. The
blasting waves were recorded in three blocks at
different distances from the seismometer (Figure
11). Moreover, the characteristics of the blocks
are summarized in Table 1. Based on Figure 11,
the B1 and B3 blocks have experienced the most
and the least accelerations, and are also located in
the closest and farthest distance from the blasting
source, respectively.
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Figure 10. The waveforms of the scaled earthquakes. a: Tabas; b: Zanjiran; and c: Zarand events.
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Figure 11. The recorded blasting waves assigned to (a): block B1, (b): block B2, and (c): block B3.
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Table 1. Characteristics of the recorded blasting waves in different blocks.
Block number Lithology Explosive weight (kg) Level (m) Distance from seismometer (m)

B1 Waste 214.40 1570 158.6

B2 Ore-Waste 150.50 1590 415.1

B3 Waste 725.50 1390 1566.8
In order to estimate the transferred energy of (. -1,)>
blasting to the blocks, an experimental m= _m (2)
relationship was used [45]: roe

1

Ep =nqm0E, 1) h= e —(e —1) 3)
where £, is the transferred energy from one hole where [, is the rock impedance, [, is the
to the rock, O is explosive weight in each hole, explosive impedance, ¢, is the hole diameter,
E, is the explosive specific energy, and 7, and and ¢, is the explosive diameter. The measured
n, are the impedance and coupling coefficients transferred energy of the recorded blasting waves

to the blocks are summarized in Table 2.
According to this table, the B3 block, due to its
explosive weight, experiences the highest energy
level.

provided according to Equations 2 and 3,
respectively [45]:

Table 2. The measured impedance, coupling coefficients, and transferred energy of blasting waves.

Block Impedance Coupling Transferred energy from each hole to rock
number coefficients coefficients (MJ)

Bl 0.81 0.54 346.90

B2 0.81 0.54 243.60

B3 0.81 0.19 413.10
3.3. Numerical modeling points. On the other hand, the FEM development
The numerical modeling methods are common in was specifically oriented towards rock mechanics
solving the dynamic slope stability problems [46]. problems. This is because it was the first
While employing these methods, there is no need numerical method with enough flexibility for the
to make assumptions about the shape or location treatment of material heterogeneity, non-linear
of the failure surface, forces, and their directions deformability  (mainly plasticity), complex
[47]. The most commonly utilized methods in boundary conditions, in sifu stresses, and gravity
numerical rock mechanical models are continuum [48]. However, according to the significant
(FDM, FEM, and boundary element (BEM)), progress in the ability to generate irregular meshes
Discrete (DEM, and discrete fracture network such as quadrilateral grids and the application of
(DFN)), and Hybrid methods. The choice of this method in the time domain with properly
continuum or discrete methods mainly depends on chosen time stepsAt, FDM was employed in this
the problem scale and fracture system geometry. work. Because of the time domain solution, the
The continuum approach is suitable in situations function values at time t can be inferred from
where only few fractures are present, and fracture values at t At. Moreover, unlike FEM and BEM,
opening and complete block detachment are not no local trial or interpolation functions were
significant factors [48]. According to the highly applied to estimate PDE in the sampling point
fractured nature of the slope under study, the neighborhoods. Hence, FDM is the most direct
continuum methods seem applicable [16, 49]. and intuitive technique in the PDE solution [50].
Among the continuum methods, BEM is more The section under study composes of Granite,
suitable for solving problems with fracturing Diorite, and Ore in wide speared regions as well
inhomogeneous and linearly elastic bodies [48], as nine faults. To involve the faults in our model,
which make it inapplicable in our case. In this 10 m zones around each fault were considered as
work, FDM was chosen over FEM. The basic of the fault zones. Because of the frequently
FDM is based upon the direct discretization of fractured nature of the slope, Mohr-Coulomb
governing partial differential equations (PDEs) constitutive model was selected for the analysis.
carried out by replacing the partial derivatives The rock mechanical properties of the slope are
with differences defined at neighboring grid summarized in Table 3 [51].
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Table 3. Rock mechanical properties of the slope material [S1].

Rock type parameter Granite Diorite  Ore  Faulted zone
Bulk density (kg/m’) 2400 2800 3700 2300
Bulk modulus (MPa) 1466.67 1000  7333.3 466.67
Shear modulus (MPa) 880 600 4400 280

Cohesion (MPa) 0.23 0.23 0.9 0.07
Friction angle 37° 34° 50° 17°
Tension strength (MPa) 0.02 0.03 0.14 0.0005

The model was generated based on the size of the
slope, i.e. 600 m long and 270 m height.
Afterwards, the desired model was meshed for an
accurate wave transmission using Equation 4 [52]:

Al £ C,
10/

where Al is the element length, C | is the shear

“4)

wave velocity, and f is the dominant frequency
of the seismic input load. The element length was
calculated using the parameters presented in Table
4. In the earthquake dataset, dominant frequencies
as strong motion parameters were taken from the
earthquake accelerograms. In the blasting dataset,
dominant frequencies of the records were
calculated based on the horizontal to vertical
spectral ratio (HVSR) method [53]. Moreover, the
shear wave velocity is a site-dependent parameter
that is measured in each station. As shown in
Table 4, the minimum value obtained for the
element length was 1.36 m. Accordingly, the size
of the model elements was considered 1 m in both
the horizontal and vertical directions to fulfil the
Kuhlmeyer and Lysmer law for all the earthquake
and blasting records and avoid distortion in the
model.

In order to reach the static balance and properly
reconstruct the site condition, the model was
excavated in six steps, where two benches were
cut in each step. The procedure was repeated until
all benches were excavated (Figure 12). Then the
model base was fixed in the horizontal and
vertical directions, while both sides of the model
were fixed only in the horizontal direction. With
regard to the executed model, the best calculated
factor of safety (FoS) was 1.59. Besides, the
potential failure surface was observed to be
between 1315 and 1330 m levels, where the strike
of the F-e, F-g, and F-f faults intersected with the
surface of the slope (Figure 13). In order to
develop the desired dynamic model, some
modifications are required to be conducted
through the balanced static model. Application of
fixed defined boundary conditions of the static
model in the dynamic mode causes the seismic
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wave reflects inside the model, and consequently,
the necessary energy radiation will not happen. To
figure out this challenge, the free field boundary
developed by Lysmer and Kuhlmeyer (1969) [54]
was applied on both sides of the model, yet the
base was fixed in both the horizontal and vertical
directions.

To figure out the effects of non-uniform grids, the
calculation of critical time step involves both
mass and stiffness at each degree of freedom.
Based on Equation 5, the value of 7.5 X 10™° was
calculated as the critical time step required for
stability of the slope during the dynamic

execution.
A
A =z
terit Ld Cp (5)

In Equation 5, C , is the longitudinal wave

velocity, A, is the area of the zone, and L, is

the length of its diagonal. In the time-domain
analysis, damping is simulated by the Rayleigh
formulation based on Equation 6 [55]. In this

formula, a damping matrix is used with
components proportional to mass (M) and
stiffness (K):

C=aM +pK (6)

where C is the damping matrix, and « and [ are

the mass-proportional and stiffness-proportional
damping constants, respectively. For a geological
material, damping falls between 2% to 5% [56].
Due to the plastic flow and low shear strength, a
considerable loss of dynamic energy might occur
in the dynamic analysis. Therefore, in such
models where significant displacements are
expected, a minimal percentage of damping is
required. In the current work, the proper Rayleigh
damping percentage was estimated based on the
comparison between the resulting acceleration
history and the earthquake waveforms. The
selected damping ratio for all earthquakes are
listed in Table 5.
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Table 4. The applied parameters in the model element length calculation.

Waveform Shear wave velocity (m/s) Dominant frequency (HZ) Element length (m)
Tabas earthquake 780 25 3.12
Zarand earthquake 462 10 4.62
Zanjiran earthquake 680 50 1.36
Blasting records (average value) 714.6 13.8 5.4
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Figure 12. Process of excavating the numerical model in six steps before static execution. Two benches are cut in
each step.
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Figure 13. Potential failure surface of the section under study (AA') due to static execution. The potential failure
surface is located in intersection of F-e, F-g, and F-f faults strike with surface of slope between 1315 and 1330 m
levels.
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Table 5. Critical damping ratio of the earthquakes. where o, is the applied shear stress, p is the

Earthquake Critical damping ratio (%) . . .
Tabas 5 mass density, C, is the shear wave velocity
Zarand 0.7 propagation through medium, and v, is the shear
Zanjiran 0.7

particle velocity. To input the inner forces such as
blasting motion at the free field boundary, the
measured velocity histories were used. Dynamic
load as a time history is propagated through the
model by spring and damper interaction. Hence,

To control the sharp waves such as blasting, the
artificial damping was used. This damping

consists of the Von Neumann (¢, ) and Landshoff

(g, ) parameters, as Equation 7 [57, 58]. the displacement, velocity, and acceleration of
each element were calculated based on the motion
q=a,9,%a,9, (7 equations.

In order to determine the stability condition of the
slope under dynamic loads, the critical shear strain
parameters, which, in this case, are supposed to be criterion was applied. Sakurai et al. (1998)
1. Besides, ¢,and g, are defined as Equations 8 defined the critical shear strain as the ratio
between the shear strength and the shear modulus,
as Equation 11 [59].

In Equation 7, a, and a, are constant

and 9, respectively:

a=beipl’e’ ® Yo =8 (11)
=

g, =bepl, ¢ © o

The value for the critical shear strain for each

layer of the slope was estimated and summarized

in Table 6. In the analyses, if the calculated value

passes the limit, the slope will be considered

where L is the characteristic zone dimension, & is
the zone volumetric rate, p is the zone density, a

K 4 G unstable.
. . K+ Three mentioned earthquake accelerograms with
is the material p-wave speed equal to 0 the same peak acceleration (0.75 g) but different

waveforms, and three blasting records were
assigned to the model as the dynamic loads. The
bis —sgn( g), and ¢, and c, are the constants set stress histories of the earthquakes were applied to
the base of the model; however, the velocity
histories of blasting records, based on the level of
blasting operation, were applied to the side and
upper part of the model. In the next section, the
experimental results of the dynamic modeling are

(K and G are bulk and shear modulus of the zone),

to 1 and 2, respectively.

To input the earthquake motion at the free field
boundary, the velocity waves of the earthquake
records were converted to stress history using
Equation 10.

presented.
o, =2(pC,vy) (10)
Table 6. The values for critical shear strain in different layers of the slope.
Rock type Granite Diorite Ore Faulted zone
Shear modulus (MPa) 880 600 4400 280
Shear strength (MPa) 28.13 23.18 60.50 5.27
Critical shear strain (%) 3.2 3.8 1.38 1.88
4. Results and discussion 14). The slope experienced less displacement due
The dynamic loads including the Tabas, Zarand, to the Tabas earthquake but a wider range of
and Zanjiran earthquakes were applied to the damages between 1285 and 1330 m levels were
model as 11.68, 10.76, and 12.80 s, respectively. formed in comparison with the Zanjiran event
The 7 s of the blasting records including their (Figure 15). In the unstable zone caused by the
peak acceleration were also selected as the Tabas earthquake, the f-e, F-g, F-f, and F-h faults
dynamic loads. The maximum displacement due intersected with the surface of the slope. On the
to the earthquakes was observed in the results for other hand, the created unstable zone by the
the Zanjiran event and was about 844 mm (Figure Zanjiran earthquake was between 1285 and 1315
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m levels, where the F-h and F-c faults intersected
with the surface of the slope. The Zarand
earthquake did not form any unstable zone within
the slope.

The maximum displacement due to the blasting
operation was observed due to the B2 block
explosion, which was about 146 mm. All the three
blasting waveforms caused an unstable zone
between 1285 and 1315 m levels, which was the
same as the Zanjiran earthquake (Figure 15). This

earthquake in the Zagros seismotectonic zone,
which is different from the Tabas and Zarand
earthquake seismotectonic zones. Although the B3
block had the longest distance from the blasting
source, the same unstable zone as Bl and B2
blocks was caused due to this explosion. This is
because of the higher transferred energy from
each hole to the B3 block. The results obtained
from the dynamic loads on the stability of the
slope under the study are summarized in Table 7.

1S because of the occurrence of the mentioned
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Figure 14. The unstable zone in the section under study (AA') due to Tabas earthquake.
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Figure 15. The unstable zone in the section under study (AA') due to Zanjiran earthquake and blasting waves.

Table 7. The results obtained for dynamic slope stability in the section under study.

. Event duration Maximum displacement Maximum shear strain Stability
Dynamic load o ..
(s) (mm) (%) condition
Tabas earthquake 11.68 450 17.5 Unstable
Zanjiran
carthquake 12.8 844 30 Unstable
Zarand
carthquake 10.67 80.8 3 Stable
Bl-blast 6.5 125 7 Unstable
B2-blast 6.5 146 5 Unstable
B3-blast 6.5 140 10 Unstable
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The results of the dynamic numerical model due maximum calculated acceleration obtained for
to the earthquake loads were validated by the limit DSHA. In order to investigate the effective impact
equilibrium method. The model was executed of the established scale, the model was executed
based on the quasi-static method considering 0.75 using the Tabas and Zarand original
g horizontal acceleration. According to the Bishop accelerograms. The results of the scaled and
approach, the factor of safety was 0.65 [60]. The original accelerograms are compared in Table 8. It
potential failure surface was observed to be can be observed that the scale procedure in a
between 1285 and 1380 m levels (Figure 16). As destructive event such as the Tabas earthquake
shown in Figure 16, despite the same PGA, a prevents the overestimation of the results. As
wider unstable zone was obtained using the shown in Table 8, inputting the Tabas real
quasi-static method compared to FDM (Figure accelerogram as  dynamic load caused
16). This is because in the quasi-static method, enhancement in both the maximum displacement
acceleration is considered as a permanent load; and shear strain within the slope. On the other
however, in FDM, a waveform is applied to the hand, the scale procedure in the Zarand
model. Consequently, an extended unstable zone earthquake prevents the underestimation of the
in the quasi-static method is acceptable. The results. As shown in this table, applying the
results of the dynamic model due to the blasting Zarand real accelerogram as dynamic load
records were validated according to the observed reduced the maximum displacement and shear
responses at the site. strain within the slope. Therefore, applying the
As mentioned in Section 3.2, real accelerograms scaled accelerograms in the dynamic slope
were adopted as the sources of the inputted stability analyses in mine slopes leads to more
dynamic loads and then scaled to the site’s reliable and robust results.
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Figure 16. The unstable zone in the section under study (AA') due to quasi-static execution while applying 0.75 g
horizontal acceleration.

Table 8. Comparison between the results of scaled and original accelerograms of Tabas and Zarand earthquakes
in the dynamic slope stability analysis.

Event Maximum displacement (mm) Maximum shear strain (%)
Tabas scaled accelerogram 450 17.5
Tabas real accelerogram 1280 35
Zarand scaled accelerogram 80.8 3
Zarand real accelerogram 66 1.75
5. Conclusions folds. The first one is that we compared the
The aim of this work was to compare the effects earthquake and blasting effects on the stability of
of the earthquake and blasting loads on the the mine slopes. The second one is using scaled
stability of mine slopes. This objective was earthquake waveforms following the seismic
obtained by analyzing the stability of the hazard analysis as dynamic loads. Accordingly,
Chadormalu NW slope under earthquake and the following results were obtained:

blasting loads. The novelty of our work is in two
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e Based on DSHA, the maximum vertical
and horizontal accelerations in the Chadormalu
mine were 0.55 g and 0.75 g, respectively.

e According to PSHA, the probability of
occurrence of a 0.75 g earthquake in the
Chadormalu mine for a 475-year return period
was 0.012.

o  The static slope stability analysis showed
that the slope was stable considering the
calculated factor of safety as 1.59.

e Following the dynamic numerical
modeling, based on the critical shear strain
criterion, the slope was unstable under the Tabas
and Zanjiran earthquakes. However, the Zarand
earthquake did not cause an unstable zone in the
slope. On the other hand, all the three blasting
records caused instabilities within the slope.

e  The unstable zone, caused due to the
blasting records, and the Zanjiran earthquake are
similar. This is because of the similarity of their
waveforms, as the Zanjiran earthquake happened
in the Zagros seismotectonic zone and exhibited a
different waveform than the Tabas and Zarand
earthquakes.

e The maximum displacements obtained
under earthquake and blasting loads were 844 mm
and 146 mm, respectively. Therefore, the overall
damages caused by the earthquakes are more
considerable than the blasting record damages.

e The established scale prevents the
overestimation and underestimation of the
displacement and strain, respectively, due to the
Tabas and Zarand earthquake loads. Therefore,
applying scaled accelerograms in dynamic slope
stability analyses in mine slopes leads to more
reliable and robust results.

e A strong earthquake can cause plenty of
damages to the mine slopes, and consequently,
interrupt the mining cycle. Hence, the seismic
study should be considered as a part of a
computational mining design.
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