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The Chador-Malu open-pit mine is faces complex challenges regarding the long-
term stability of its slopes. These are directly influenced by time, environmental
changes, and stresses induced by mining activities. Considering the existing
evidence of potential future instability, displacement changes along the northern
to eastern pit walls were analyzed over an 18-month period. Long-term wall
displacements were measured using radar. Through back-analysis and three-
dimensional numerical simulations, the equivalent creep behavior of the slopes
was evaluated using the Maxwell creep model. After assessing the geomechanical
parameters, the impact of three scenarios passage of time, bench widening, and
pit deepening on slope stability was investigated under three horizontal-to-
vertical stress ratios of 0.5, 1, and 1.5. The analysis results indicated that a
horizontal-to-vertical stress ratio of 1.5 better matched the field observations. In
the first scenario, a 50% increase in time led to over a 100% increase in
displacement rates, indicating a rise in instability potential over time. In the
second scenario, unloading the first two benches reduces the instability potential,
due to an 18% reduction in uplift while unloading up to the eighth bench
increased instability potential due to the reduction of weight at the slide’s toe and
an increase in the average uplift. In the third scenario, pit deepening formed
another sliding zone between the tenth and seventeenth benches.

Introduction

dependent analysis, they require calibration with

In mining engineering, the long-term stability of
open-pit mine slopes is crucial because it affects
safety,  productivity, and environmental
preservation. These slopes are susceptible to
hazards such as collapse, sliding, and erosion,
which can result in substantial damage.
Comprehensive analysis is required to
understand the influence of factors such as
geomechanics, environmental conditions,
pressure variations, and long-term mineral
extraction on slope stability. Slope stability can
be assessed using limit equilibrium methods
(LEM), empirical approaches, or numerical
simulations. LEM enables static and pseudo-
static analyses, while empirical methods employ
statistical data and machine learning. Although
numerical simulations offer accurate time-

real-world data. Many studies have explored
slope stability and stabilization techniques, as
well as Al models for prediction. However, long-
term, time-dependent assessments remain
challenging. This study developed a 3D model to
evaluate the stability of the northern and
northeastern slopes of the Chadormalu mine.
The model used radar-monitored displacement
data and was calibrated with the Maxwell creep
model. The study evaluated the impact of three
scenarios on slope stability: time progression,
bench widening, and increased depth.

Materials and Methods
Introduction and Location of Chadormalu
Mine
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Discovered in 1940, the Chadormalu iron ore
mine is Iran's largest producer of iron ore. It is
located in the Bafg-Saghand iron ore region at an
elevation of 1,450 meters. Due to extensive
alteration, it is difficult to identify the original
rock composition of the mine's geology, which
includes a mix of igneous, metasomatic,
metamorphic, and sedimentary rocks. Key
geological units include schist, limestone, iron
ore, diorite, granite, and conglomerate. The
primary minerals are hematite and magnetite,
with minor amounts of hydrated and carbonate
iron and accessory minerals such as apatite,
quartz, and biotite.

Due to long-term stability concerns, the
displacement of the northern and northeastern pit
walls was monitored using radar for 18 months,
beginning in December 2018. The maximum
recorded displacement was 1,660 mm at an
elevation of 1,360 meters. Despite the igneous
nature of the rocks, creep behavior was modeled
using the Maxwell creep model due to high
alteration and the observed displacement pattern.

Numerical Modeling

Due to the inability to precisely differentiate
between rock types, numerical modeling using
FLAC3D was performed, focusing on the
weakest rock units. The model was calibrated
using displacement data and three scenarios
were considered: time progression, bench
widening, and increased depth.

Model Construction and Simulation

To reduce model volume, the simulation
geometry covered only a quarter of the pit (the
northern and northeastern walls). The stress-
strain analysis included a transition from elastic
to plastic behavior. The Maxwell creep
parameters were calibrated using back-analysis
and Taguchi's method. The optimized model
closely matched the observed displacement.
Stress distribution patterns were then analyzed to
assess long-term stability.

Results and Discussion

The mine slope stability was analyzed under
three scenarios with three values of the
horizontal-to-vertical stress ratio (K0): 0.5, 1,
and 1.5. KO = 1.5 was found to best match field
data.

Scenario 1: Time effects showed a sliding zone
from the first to the fourteenth bench after 30 and
45 days, with the rotation center at the sixth
bench. Increasing KO moved the rotation center
to higher benches, reducing the sliding zone.
Scenario 2: Unloading the first two benches
reduced uplift and shifted the rotation center to
the fourth and fifth benches, improving stability.
Further unloading caused increased uplift and a
localized sliding zone at the ninth bench, raising
instability.

Scenario 3: Deepening the mine by 45 meters
caused minimal displacements up to the tenth
bench but suggested possible failure from there
to the pit bottom. Increasing depth without
changing the pit’s bottom radius increased
instability risk.

Overall, deeper excavation and excessive
unloading  heightened instability,  while
controlled unloading enhanced stability.

Conclusion

As previously mentioned, time-dependent
deformation studies have generally focused on
tunnels, with limited research on open-pit mines
in this area. Therefore, in this research,
considering the displacements recorded by radar
on the northern and northeastern walls of the
Chadormalu mine and the good agreement of the
recorded displacements with the Maxwell
model, the parameters of the Mohr-Coulomb
failure criterion and Maxwell viscosity were
evaluated using back analysis and the Taguchi
design of experiments technique. After
calibrating the numerical model, the effects of
three  scenarios—time progression, bench
widening, and increasing the mine depth—on the
deformation rate and slope stability of the mine
wall were examined. Given the uncertainty
regarding the horizontal-to-vertical stress ratio
(KO0), three values of 0.5, 1, and 1.5 were
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considered. The results of the numerical
simulation indicated that:

- The horizontal stress ratio of 1.5 shows better
agreement with field observations and recorded
displacements. As the horizontal-to-vertical
stress ratio increases, the rotation point of the
sliding zone moves to higher benches (second
and third benches), aligning with field evidence.
Compared to models with KO = 0.5 and 1, uplift
at the pit bottom is significantly decreased in this
model.

- Over time, the center of rotation of the sliding
zone shifts one bench higher for all values of the
horizontal-to-vertical stress ratio. While the time
increases by 50%, the displacement rate

increases by over 100%. The least increase is
observed for KO = 1.5.

- Widening the benches from the first to the
eighth showed that only widening the first and
second benches reduces the uplift rate and
increases stability. Unloading the other benches
increased the uplift rate and raised the potential
for instability. This finding was confirmed by the
limit equilibrium technique.

- Increasing the mine depth by 45 meters while
maintaining the bottom width increases the
likelihood of a sliding failure from around the
tenth bench to the pit bottom for all considered
horizontal-to-vertical stress ratios. In this
potential sliding zone, localized sliding of some
benches is also observed.
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Fig. 3. a. Bench formation according to the composite plan, b. Modification of pit geometry from circular to

elliptical
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Table 1. Mohr-Coulomb model parameters along with their variation range

Cohesion Phi Bulk Modulus Shear Modulus Maxwell Viscosity
(kPa) (Degree) (GPa) (GPa) (Pa.Day)
(450-550) (25-35) (1E9-2E9) (0.6E9-0.8E9) (5.04E8-9.96E10)
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Contour of ZZ-Stress
Calculated by: Volumetric Averaging
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Fig. 4. Distribution of induced vertical stresses along the Z direction after the formation of mine benches
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Table 2. Combination of parameters used in numerical simulation according to the Taguchi proposed method

No. M K Phi C
01 1 1 1 1 1
02 2 1 1 1 1
03 3 1 1 1 1
04 1 2 2 2 1
05 2 2 2 2 1
06 3 2 2 2 1
07 1 3 3 3 1
08 2 3 3 3 1
09 3 3 3 3 1
10 2 3 3 1 2
11 3 3 3 1 2



\ b)l.o.oj: AR 0,99 ‘Lf“w Lf“wa O

a0

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

NEFPWNRFPWONRFPWOWORPRWNEWN P

P RPRPWOWWWNNNNMNNNRPREPW
NNNRPPRPPOOWRRPRPRPRPOWWW
WWWNNNNNEPRPRPPOWOWWNNDDN PR
WWWWWwWwwwwNhNNPDPNDNDDNDDN

odds Clloy olal> b goae g, Lawgi ouls ailxs
Oieles O IS 0 VYR 0) gahais glp o)) lawgs
L ey Gl gose ol mls 5 cwl oals ools
s 5l Jols polie oyls cals clloy olbal>
ol 0315 aled ¥ Jgazr 55 jo5 e el b O (lp (25
Slade cpl g oo Bl 5, ¢ /0 ) Joleo Jo Sy .l
@33 (§iludnd @S (59) 2 Somles Julow ulul 2

el ol Ol Jow Jo le) (g 5lwdigo o

b ol ) el el o iy o5 prbas s el 52 (sl
Joia b ply ¥ s olone ool sl paSilia Mo
sl Blyzl ogdlay (oSl jlade b 2l ¥l 5 (2S0ks
2SS bl 0 L3l Wy, a jasie 5l s ol
aaly (U ol Sy bl p > &b )
aalo b K0 mhaw a5 odd Fogaome by e Ol s
SEORINEN RPN INENEIIEE S N
bl seh Lol s ab Jude b glae Clys



A4

S92 9 yspsrrare | o O (S0 Jlods Slgyed awady sl plrals v

1.8
1.6

@ Numerical Simulation

1.4 measured Data

A.

3 1.2
1

0.8

o e w2l

0.4 y

0.2 A

0.6

0 4F
0 100

200 300 400

39y Gy slo

VWP 0) sali abhis 6l b slas mSojlasl § g3ae Joo Lawgs oud dcwlons sla ol il anylie .0 JSo
Fig. 5. Comparison of displacements calculated by the numerical model and in-situ measurements for reference
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Table 3. estimated or calculated values from back analysis for geomechanical parameters of the Mohr-Coulomb

and Maxwell model

Cohesion Phi Bulk Modulus Shear Modulus Maxwell Viscosity
(kPa) (Degree) (GPa) (GPa) (Pa.Day)
510 31 1.67E9 0.769E9 7E10
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Contour Of Z-Displacement
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Fig 6. a. 3D displacement contour in the Z direction after 30 days for a horizontal-to-vertical stress ratio of 0.5,
b. Displacement magnitude in the Z direction for each bench after 30 and 45 days

Table 4. Average subsidence and heave in the slope considering time progression and variations in KO value
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Fig. 7. Graph of displacement changes with bench retreat: (a) First to second bench, (b) First to fourth bench, (c)
First to sixth bench, (d) First to eighth bench
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Fig. 8. Displacement contours in the Z direction in Scenario 3 for horizontal-to-vertical stress ratios of 0.5, 1, and
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