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Abstract: Tailings storage dams are considered to be one of the most essential facilities in mining 
projects. In metal mines, after blasting the rocks, the blasted ore is transferred to specific industrial 
plants for processing operations. During such operations, a  large amount of pollutant tailings are 
inevitably generated. Those tailings must be safely stored in previously constructed storage dams. In 
this research, a storage dam has been designed to store the tailings of the Iranian Sangan Iron Mine 
project. The geometry and capacity of the dam were designed to minimize the construction works 
and to maintain the stability of the facility. To assess the stability of the proposed storage dam, a nu-
merical analysis was performed for both static and dynamic loading conditions. The results showed 
that the embankment is stable under these two different loading conditions. Hence, the proposed 
design can be successfully adopted for the construction of a tailings storage dam in the project. In 
addition, the methodology presented in this research can be used by geotechnic engineers to design 
safe tailings storage dams in mining projects.
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1. Introduction

The large volume of waste tailings produced by the 
mining industry has always been an important issue. 
Such tailings may lead to the contamination of the lith-
osphere, and hydrosphere. For instance, the acid drain-
age, the transfer of dangerous elements to the surface 
and underground water sources, and the elimination of 
the natural landscapes are some of the corresponding 
environmental impacts [1, 2].

In recent years, one of the most significant issues 
of the global mining industry has been the storage of 
tailings produced during extraction and processing 
operations. In order to store the produced tailings, stor-
age dams must be built in the vicinity of the mining 
sites. Due to the nature of the tailings stored in the dam, 
any leakage or failure of the dams will have adverse 
environmental consequences. In some conditions, the 
occurrence of those environmental impacts even leads 
to potential biological damage in the region for a long 
time [3–6].

As well as those potential environmental impacts, 
there have been a number of reports about the mechan-
ical failure of tailings dams [7–11]. The most frequent 
dam failures have been reported in the US and European 
countries [8]. However, those reports are a minor part 
of the occurred failure problems in mines since mining 
companies do not report such accidents in many coun-
tries. This is mainly due to the governmental regulations 
or the fear of the companies about the consequences of 
the announcement of such events. Some dam failures 
stem directly from the design process. Hence, during 
the early designation, a good understanding of the in 
situ geological, and geotechnical characteristics of the 
site is needed. Moreover, to predict the potential fail-
ures in the dams, numerical simulations can be effec-
tively utilized [12].

The Sangan iron mine is near the town of Sangan in 
northeastern Iran. In the mine, a storage dam had been 
already constructed to store the tailings produced dur-
ing operations. However, due to the new explorations in 
the area, there is a need to construct new tailings dam 
storage. The objective of this research is to address the 
design of a  new tailings storage facility for this mine. 
The storage dam will be constructed by a combination 
of the excavation and development of an embankment 
immediately downstream of the excavation.

The storage dam has been designed so that it can 
be constructed in three stages, attempting to evenly 
distribute the amount of excavation, the excavation 
fill, and the construction schedule. This will reduce the 
initial capital costs for the facility development. Stage 1 
will be constructed to accommodate two years’ worth 
of tailings storage (approximately 3.5 Mm3), after that 
the next stage will be required to ensure the tailings 

deposition can continue without concern of exceeding 
capacity of the first stage embankment dam. Stage 2 will 
have the capacity to store approximately an addition-
al 6 Mm3 and will store tailings production from Year 2 
to approximately Year 6. Stage 3 will be the final stage, 
storing an additional 6.6 Mm3 and extending the life of 
the cell to a total of approximately 11 years.

Apart from the construction procedure, the stabil-
ity of the dam embankment has been analyzed under 
both static and dynamic loading. Dynamic analysis 
of storage dams are essential in the dam designation 
phase [13]. The numerical simulations were carried out 
in SLOPE/W software. The safety factor of the embank-
ment has been calculated in different conditions. The 
obtained results confirm the stability of the proposed 
storage dam for the mine. 

2. Project description 

2.1. Geographical location 

The site is located in the province of Khorasan Razavi 
in northeast Iran, approximately 20 km east-northeast 
of the city of Sangan. Figure 1 illustrates the location of 
the conducted project.

2.2. Geology and morphology 
description

The Sangan iron mine is situated on a  broad alluvial 
plain in the south of the Sangan Mountains. The plain 
has a  gentle slope from the north towards the south. 
The slope of the plain ranges between 2% and 5% from 
the north towards the southwest. In addition, water 
erosion has caused channeling in the plain. The eleva-
tion in the vicinity of the proposed tailings storage dam 
varies between 1010 m and 1120 m from the southern-
most to the northernmost, respectively.

The proposed tailings storage dam is situated in 
the south of other facilities of the mine. Moreover, the 
iron-containing reserves are located in the mountain-
ous terrain to the north of the tailings storage dam. The 
ore body is situated approximately 5 km from the tail-
ings facility and extends up to an elevation of approxi-
mately 1700 m.

The Sangan mine is situated in highly tectonical-
ly active formations. The main ore body is in the form 
of Hematite (Fe2O3) and Magnetite (Fe3O4) minerals. 
From the geological era perspective, the igneous rocks 
date back to Oligocene to Precambrian. In the area, 
large-scale faults are presented as well.
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[13]. The numerical simulations were carried out in SLOPE/W software. The safety factor of the 
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proposed storage dam for the mine.  
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2.1. Geographical location  

The site is located in the province of Khorasan Razavi in northeast Iran, approximately 20 km east-northeast 

of the city of Sangan. Figure 1 illustrates the location of the conducted project. 

 

 

Fig. 1. The location of the Sangan iron mine project Fig. 1. The location of the Sangan iron mine project

The alluvial soils consist of sand and gravel with 
various fine contents that are dense, and exhibit evi-
dence of cementation that may be associated with the 
varying percentages of gypsum in the local soils. More-
over, the level of the groundwater was reported nearly 
25 m below the surface of the ground. 

2.3. Geotechnical characteristics

The subsurface conditions were assessed by both test 
pitting and drilling boreholes. Four boreholes were 
drilled in the vicinity of the proposed storage dam. The 
objective of the boreholes was to study the conditions at 
the proposed location, and to evaluate the soil as well as 
groundwater characteristics.  Standard Penetration Test 
(SPT) blowcounts were used to measure the density of 
the subsurface soils. Moreover, the hydraulic conduc-
tivity testing was carried out at two of the four complet-
ed holes. Two standpipe piezometers were installed in 
two separate boreholes.

The groundwater characteristics were regionally 
investigated [14, 15]. The investigation identified an 
aquifer within the alluvial deposits derived from the 

adjacent uplifted proterozoic blocks. The regional aqui-
fer did not extend to the mine site or the proposed tail-
ings storage dam area [14].

Furthermore, based on the results of the samples, 
the gypsum content of the in-situ soil was around 2%. It 
is noticeable that Gypsiferous soils containing in excess 
of 6% of gypsum are typically not deemed acceptable 
for use as structural fill [16].  

The geotechnical information derived from the 
above-described investigations was the basis for the main 
subsurface condition conclusions made   for the dam 
design. 

3. Tailings dam design 

3.1. Construction process

Due to the gentle sloping alluvial plain on which the 
tailing storage facility will be located, a combination of 
excavation and earth-filled embankment configuration 
is envisaged to be the most logical and feasible method 
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of constructing the storage dam. The excavated material 
from the respective dam will be used to construct the 
three embankments. Figure 2 shows a plan of the dam 
with three designed cells, namely Cell 1, Cell 2, and 
Cell 3. All of the produced tailings should be pumped to 
the tailing storage facility by spigotting and then deposit-
ed in these cells. A diversion ditch and a diversion berm 
have also been designed to control and divert the surface 
runoff from the catchment basin in which the tailings 
dam will be located. Further design considerations and 

recommendations that support the feasibility level of the 
engineering efforts are presented in this research.

In this study, only the designation of Cell 1 is pre-
sented. The designation of the Cell 2 and Cell 3 will be 
conducted after completely filling Cell 1 with the maxi-
mum amount of tailings. In other words, it is more rea-
sonable to design Cell 2 and Cell 3 based on the future 
production volume of tailings by the processing plant. 
A plan view along with a vertical cross-section of Cell 1 
are shown in Appendix A and Appendix B, respectively.  

Fig. 2. The geometry of the proposed tailings dam. Note that the dam has been divided to three cells: Cell 1, Cell 2, and Cell 3
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3.2. Dam sizing considerations

Under normal operating conditions, Cell 1 consists of 
tailings, runoff (between the cell and the water diversion 
system), direct precipitation, and diversion ditch leakage 
(assumed to be 5%). The criteria used to determine the 
appropriate size for the tailings storage facility was based on 
the tailings production rates and assuming that the water 
diversion system would be capable of redirecting run-
off water from a 100-year event with a 24-hour duration.

The whole dam is expected to accommodate 
a  minimum of 16.1 Mm3 of tailings in approximately 
11 years of storage at envisioned milling rates. The stor-
age quantities per stage of the proposed dam develop-
ment are shown in Table 1.

Regarding the dimensions of Cell 1, it is supposed 
that the beaches slope increased at an angle of 1% from 
the embankment towards the end of the facility. This 
slope is considered for the crest planning, so during the 
wet season, the water pound would be developed at the 
north of the impoundment.

Following completion of the embankment con-
struction, an accurate as-built survey must be con-
ducted. The beach slope should also be monitored to 
confirm the 1% slope and development of the water 
pond. An Elevation versus Storage Volume curve 
was generated for Cell 1 using the prismoidal meth-
od to calculate the volumes between two surfaces. 
The EaglePoint and AutoCad software packages were 
used to determine the elevation storage curve. Storage 
volumes were calculated from the curve presented in 
Figure 3.

Cell 1 has been designed to include 1 m of free-
board to protect overtopping of the dam by flooding 
and wave run-up; however, due to the natural slope of 
the ground, 2 m of freeboard is required for Stage 1 
development as the external embankment arms on the 
eastern and western ends of the storage facility would 
not entirely encompass the tailings, or the water pond. 
Crest elevations for Stages 1, 2, and 3 have thus been 
determined to be 1079 m, 1086 m, and 1092 m, respec-
tively.

Table 1. Tailings storage per stage of development

Construction Stage Tailings Storage Capacity [Mm3] Years of Operation
Stage 1 3.5 2

Stage 2 6.0 4

Stage 3 6.6 5

Total 16.1 11

Fig. 3. Elevation-storage curve of the proposed Cell 1
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4. Stability evaluation of 
tailings dam

The stability assessment for the embankment of the Cell 1 
has been considered for two general scenarios. Scenario 
one strictly addresses the stability of Stage 1 during opera-
tions. The second scenario considers both the operational 
and long-term stability of Stage 3 (final configuration) of 
the Cell 1. Figure 4 shows a vertical cross section of the 
modeled embankment in Stage 1 and Stage 3. 

Variable factors will affect the realized phreatic 
regime within the embankment and include both the 
arid climate and methodology of the tailings deposition. 
The primary uncertainty in the stability assessment was 
the phreatic condition within the filled embankment at 
the various stages of the Cell 1 development. For this 
reason, the surface modelled for Stage 1 was conserv-
ative (considered to be a relatively high surface within 
the embankment). 

On the other side, for the analyses related to the 
Stage 3 configuration, two phreatic surfaces were used 
that were deemed potential representative bounds. 
Stage 2 was not analyzed because Stage 3 is considered 
to be more critical as it will be susceptible to both oper-
ational (short-term) and long-term stability (post clo-
sure). Short-term stability for Stage 2 is expected to be 
essentially identical to that of Stage 3. Stage 3 has been 
assessed using both an estimated relatively high phreat-
ic surface as well as a more likely low phreatic surface 
within the embankment. Due to the design similari-
ties between the Stage 2 and Stage 3, results obtained 
from the Stage 3 are considered applicable to Stage 2. 
Any further stability work deemed required prior to or 
during construction of the subsequent stages should 
use the behavior of the tailings embankment observed 
during the operation of Stage 1.

Static stability analyses were completed for the 
downstream portion of the starter dam (Stage 1). Both 
stability analyses, including static and pseudo stat-
ic, were completed for the downstream portion of the 

final embankment configuration (Stage 3) of the Cell 1 
embankment. The static stability analyses were also car-
ried out for the internal excavation berms within the 
impoundment that will be created during the excava-
tion activities associated with the material develop-
ment. These internal excavation berms do not pose any 
long-term stability concerns as they will be covered 
with tailings as the impoundment is filled.

The following sections present the methodology, 
assumptions, and results of the stability analyses. 

4.1. Safety factor design criteria 

The static stability of the Cell 1 embankment and inter-
nal excavation berms was quantified in terms of a factor 
of safety (FoS) determined using 2D limit equilibri-
um analyses. The FoS design criteria for the dam and 
interm berms are as listed below and conform to the 
International Committee on Large Dams (ICOLD) 
guidelines which is used throughout the world as the 
following criteria:

 – FoS > 1.3 for the short-term construction condi-
tions (when excess, construction-induced pore 
pressures might exist within the dam fill).

 – FoS > 1.5 for the long-term steady state (i.e., clo-
sure) conditions.

The pseudo-static stability analysis for the down-
stream portion of Stage 3 was evaluated using a  peak 
ground acceleration (PGA) of 0.3 g and a design earth-
quake magnitude of 7.5. 

4.2. Liquefaction potential of 
foundation

Liquefaction is a  phenomenon where loose, saturat-
ed, generally cohesionless soils undergo significant 
strength and stiffness loss in response to the strain sof-
tening derived from the transient loads such as earth-
quake ground motions [17].

Fig. 4. A vertical cross-section of the Cell 1 embankment during the different completion stages, i.e. Stage 1, Stage 2, and Stage 3. 
The numerical modelling was performed for Stage 1 and Stage 3 
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Liquefaction of both foundation and embankment 
materials is not considered to be a threat to the embank-
ment stability at the Sangan site because of the in-situ 
density of the foundation soils and the prescribed den-
sity of the embankment fills. In addition, for the in-situ 
foundations, the water level below the impoundment is 
located approximately 25 m to 30 m below the existing 
ground surface, and the soil above the water table is 
unsaturated. As a result, liquefaction assessment was not 
deemed necessary for the proposed development site.

4.3. Stability modelling assumptions 
and methods of analysis

The computer program SLOPE/W was utilized to deter-
mine the safety factors applying the method of slices 
(limit equilibrium theory) with the Morgenstern–Price, 
half sine interslice force function. The limit equilibrium 
methodology used assumed that:

 – The materials behave as Mohr–Coulomb materi-
als (e.g. that the strength will be a function of the 
effective stress level, apparent cohesion, and the 
internal friction angle).

 – The safety factors are the same for all slices (slices 
are in equilibrium).

The method of slices breaks a given potential slip 
surface up into a  specified number of slices. Each slice 
is subjected to its self-weight, the downslope component 
of which creates a  driving force, and the normal com-
ponent which contributes to the shear resistance of the 
slice, any external loads, and the forces, both vertical and 
horizontal, exerted on the slice by neighboring slices. All 
downslope components of these forces combine to create 
the driving force, and the available shear resistance of the 
slice creates the resistance. The factor of safety for any 
given slice is the resistance divided by the driving force.

In order to model earthquake loading, pseudo-stat-
ic analyses based on the limit equilibrium theory were 
carried out. The Morgenstern–Price method of slices 
was used, and an additional horizontal driving force was 
applied. A semi-empirical approach was utilized to esti-
mate the deformation to which the embankment might 
experience if subjected to design earthquake loading 
[18]. This is a screening-level method used to determine 
whether more complex dynamic analyses are needed.

The Makdisi–Seed approach requires the determina-
tion of the critical yield acceleration, ky, which represents 
the seismic coefficient that creates a force that affects the 
safety factor of unity as determined using limit equilibri-
um slope stability analysis. This yield acceleration is then 
compared to the site seismicity (e.g., PGA) and an empir-
ical estimate of the resulting deformations is obtained. 
Yield accelerations were determined using SLOPE/W for 

each of the critical failure surfaces and are discussed in 
more detail in the Chapter 5.3.

All of the modelled soil types were assumed to 
behave as Mohr–Coulomb materials. The parameters 
pertinent to the soil material used during the analysis 
are tabulated in Table 2.

Table 2. Soil material properties used in stability analyses

Material
Bulk Unit 

Weight 
[kN/m3]

Friction 
Angle  

[°]

Undrained 
Shear  

Strength Ratio
Embankment Fill 21.5 34 N/A
Upper Layer 21.5 34 N/A
Lower Layer 20 34 N/A
Tailings 16 0.1 0.11

1 Strength determined as a function of overburden where 
Su/σ′v = 0.1, where:
Su = undrained strength, 
σ′v = effective vertical consolidation stress.

The numerical modelling was carried out on an 
embankment section that had the maximum height. 
Several specified slip surfaces through the tailings, dam 
fill material, and through the dam crest were assessed. 
The analyses also included computer generated grid and 
radius slip surfaces, which attempts to find various slip 
surfaces with the lowest stability situations within a given 
range. More detail is presented in the following sections.

5. Results of numerical 
simulations

5.1. Static stability analysis of Stage 1

As previously discussed, the stability of Stage 1 was 
assessed with a relatively high phreatic surface entering 
the embankment at the maximum elevation of the tail-
ings, and exiting the embankment near the Stage 1 toe. The 
phreatic surface modelled within the  Stage  1  embank-
ment is likely more conservative than those conditions 
that will actually occur during the operations. The phre-
atic surface developed within the embankment will be 
a function of how the facility will be operated. For this 
reason, as the operating criteria are only truly established 
upon the commencement of the project, a conservative 
approach was adopted in choosing the phreatic surface 
for the Stage 1 embankment.

The specified slip surfaces within the embank-
ment were estimated and analyzed to complement the 
numerous computer generated Grid and Radius solu-
tions. Seven specified slip surfaces and the candidate 
phreatic surface are shown on Figure 5.
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Fig. 5. Stage 1 specified slip surfaces and phreatic surface

The factors of safety computed for the static anal-
ysis of Stage 1 are presented below in Table 3. The table 
does not include the factors of safety computed for the 
internal excavation berms; however, the berm configu-
rations do meet or exceed the operating design criteria 
factor, or FoS of 1.3. As it can be seen in the below table, 
all factors of safety are higher than 1.3 implies that the 
embankment is stable in stage 1. The critical FoS was for 
specific surface 4 equal to 1.7.

Table 3. Soil material properties used in stability analyses

Stability 
Scenario

Candidate Failure 
Surfaces

Computed 
FoS

Design 
Criteria FoS

Stage 1 Grid and Radius 1.8 1.3

Specified Surface 1 3.6 1.3

Specified Surface 2 3.8 1.3

Specified Surface3 3.8 1.3

Specified Surface 4 1.7 1.3

Specified Surface 5 12.6 1.3

Specified Surface 6 6.8 1.3

Specified Surface 7 4.8 1.3

5.2. Static stability analysis of Stage 3

Static stability analyses were also completed for Stage 3 
of the Cell 1 embankment. The analyses considered two 
different scenarios, each having different phreatic sur-
faces within the embankment that may develop based 
on the operational procedures and seepage behavior. 
Scenario 1 included a conservatively high phreatic sur-
face. This phreatic surface entered the embankment at 
the maximum elevation of the tailings, and exited the 
downstream face of the embankment 2 meters above 
the  round surface. The phreatic surface assumed for the 
second scenario entered the embankment at the maxi-

mum elevation of the tailings, and exited the embank-
ment at the toe. Moreover, it was slightly concave in 
shape. Both phreatic surface conditions are shown on 
Figure 4. The specified slip surfaces analyzed for both 
scenarios are similar to those shown in Figure 4.

The static factors of safety computed for the two 
scenarios of Stage 3 are presented in Table 4.   As not-
ed, the factors of safety for the internal berms within 
the impoundment are not presented in the table but all 
met or exceeded the operating design criteria of 1.3. 
According to Table 4, all factors of safety satisfy the sta-
bility of the embankment in Stage 3. The critical speci-
fied phreatic surface was surface 4 for Scenario 1, with 
a safety factor equal to 1.6.

Table 4. Static stability analyses results of Stage 3

Stability 
Scenario

Candidate Failure 
Surfaces

Limit  
Equilibrium  

FoS

Design 
Criteria 

FoS

Stage 3 
Scenario 1 – 
High
Phreatic 
Surface

Grid and Radius 1.6 1.5

Specified Surface 1 2.6 1.5

Specified Surface 2 1.7 1.5

Specified Surface3 1.9 1.5

Specified Surface 4 1.6 1.5

Specified Surface 5 4.8 1.5

Specified Surface 6 3.8 1.5

Specified Surface 7 3.2 1.5

Stage 3  
Scenario 2 –
Lower 
Phreatic 
Surface

Grid and Radius 1.8 1.5

Specified Surface 1 2.8 1.5

Specified Surface 2 2.4 1.5

Specified Surface3 2.3 1.5

Specified Surface 4 2.0 1.5

Specified Surface 5 5.6 1.5

Specified Surface 6 4.6 1.5

Specified Surface 7 3.7 1.5
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5.3. Seismic deformation of Stage 3

The Makdisi-Seed approach allowed an estimate 
of potential permanent dam crest deformation as 
a result of the design seismic loading. This was com-
pleted for each specified candidate failure surface for 
Stage 3 of the embankment using the PGA of 0.3 g. 

The results of the deformation estimates are tabulated 
in Table 5. According to this table, it can be deduced 
that the maximum estimated crest displacement is 
11 cm for the specified failure surface of 4. However, 
even with this deformation, the embankment was sta-
ble during the applied seismic loadings in numerical 
simulation.

Table 5. Pseudo static stability analyses results of the embankment in Stage 3

Stability 
Scenario

Candidate 
Failure 
Surface

Static FoS Yield 
Acceleration ky

Ratio of Yield Acceleration  
to Maximum Average
Acceleration ky/kmax

Estimated Crest 
Displacement 

[mm] 
Stage 3 1 2.6 0.375 1.25 <0.5

2 1.7 0.180 0.60 10.0
3 1.9 0.190 0.63 9.0
4 1.5 0.155 0.52 11.0
5 4.8 0.370 1.23 <0.5
6 3.8 0.305 1.02 <0.5
7 3.2 0.280 0.93 <0.5

6. Discussion

A successful designation of the mining tailings storage 
dams needs to consider different aspects, especially the 
geological and geotechnical characteristics of the pre-
planned land for the dam construction [19]. Further-
more, appropriate capacity and geometry of the dam 
must be determined based on the mine operational 
production as well as the reduction of the capital cost. 
Moreover, analytical or numerical simulations can be 
carried out to estimate the dam embankment stability 
during various static and dynamic loading conditions. 
Some previous studies have reported the close agree-
ment between the numerical analysis results and the 
field observations during seismic events [20].

In the current study, a  new tailings storage dam 
for the Sangan iron mine project was designed, and all 
above-mentioned aspects were considered. The results 
of the stability analysis indicated that the embankment 
will be stable under different loading conditions. More-
over, the current study confirms the effect of both stat-
ic and dynamic loadings on the stability of the mining 
tailings dams as previously reported by some research-
ers [20–27].

The stability analysis also indicated that if a  low 
phreatic surface was maintained within the fill embank-
ment, the structure would be stable for the subsequent 
stages of the dam development; however, the results 
also indicated that the design criteria may not be readily 
achievable if a very high phreatic surface is allowed to 
develop within the embankment. Therefore, monitor-

ing the dam will be important in maintaining the stabil-
ity criteria for the embankment. 

In addition, as observations are made during the 
operational phase of Stage 1, the performance of the 
embankment and seepage characteristics can be eval-
uated. If the observations suggest that the phreatic 
surface was too high within the embankment, solu-
tions to ensure the stability of the embankment may be 
required. Conceptually, increasing the stability of the 
embankment may be carried out by reducing the down-
stream slope from what is currently proposed. Further-
more, the installation of a drain would be a less expen-
sive method for lowering the phreatic surface within 
the fill embankment. Further evaluation for the design 
and configuration of the subsequent stages will need to 
be reviewed by the geotechnical engineer once Stage 1 
performance is evaluated. It should be noted that con-
ducting the stability analysis of the dam is not only nec-
essary during the active operational time of the dam, 
but also during the abandonment of the facility [19].

7. Conclusions

In this research, a new tailings storage dam was designed 
for the Sangan iron mine project located in Khorasan 
Razavi province in Iran. The incentive for such a design 
was that the previous storage dam of the mine has been 
completely filled by the produced tailings. The new pro-
posed designation has been established based on the 
ore production plan, in-situ geological and geotechnical 
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characteristics, and on-site engineering experience. As 
well as the geometry and storage capacity of the dam, 
numerical simulations were also performed to analyze 
the stability of the dam embankment under both static 
and dynamic loading conditions.

Based on the numerical results, it was deduced 
that the dam embankment is stable under both static 
and dynamic loadings. All of the calculated safety fac-
tors were higher than the minimum required safety 
factor considered for the dam design. The lowest safe-
ty factor for the embankment belonged to the pheratic 
surface number 4. This pheratic surface was the surface 
whose start and the end spots were situated entirely on 
the embankment slope; however, even if such a pheratic 
surface occurs in the embankment slope, the safety fac-
tor is higher than the minimum allowable one. Hence, 
the stability of the embankment is guaranteed during its 
operational lifetime. 

In addition, an accurate survey of the tailings sur-
face will be required to calculate the annual volume of 
the tailings deposited. Given this information, coupled 
with the tailings tonnage from the mill, the density of 
the tailings can be calculated, and the anticipated vol-
ume of the deposited tailings can be verified to ensure 

there will be appropriately staged storage for the tail-
ings. Regular monitoring of the dam impoundment 
will verify the assumptions used in the design phase. 
Moreover, it will provides opportunities for optimiza-
tion during the production phase of the project.

In the Sangan region, intense rainfalls periodically 
occur. Thus, for future works, it is recommended that 
the influence of such intense rainfalls on the stability 
of the dam be analyzed. Unusual rainfall incidents have 
been indicated as the reason for some mining tailings 
dam failures [7].

As well as the Sangan iron mine project, the cur-
rent study can be utilized by other mining companies to 
design and construct safe tailings storage dams.
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Appendix A: The layout of Cell 1 in the plan view. The different stages of the dam construction are depicted as Stage 1, Stage 2, 
and Stage 3. The underlying layout has been intersected by the vertical A-A plane. The corresponding section is depicted  

in Appendix B
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Appendix B: The vertical section of A-A (see the Appendix A) on Cell 1. The three different stages of the dam construction,  
i.e. Stage 1, Stage 2, and Stage 3 are shown in the map 
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