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Abstract: Some valuable minerals, such as lignite, are extracted through open-pit mining works.
After the cessation of mining activity, large-scale gaps result in the landscape. These gaps, also
called “remaining gaps”, represent some of the roughest types of environmental impacts. After the
cessation of mining activity, recovery and ecological restoration works are required. However, it
is first necessary to carry out risk assessment studies considering the possible future influences on
the final slopes. For this study, flooding of the remaining lignite open-pits gaps was considered as
the ecological restoration option. The study was based on extensive research, including sampling,
laboratory tests, statistical-mathematical processing, hypothesis formulation, evaluations, interpreta-
tions, and field observations, regarding the rock behavior and occurrence of negative geotechnical
phenomena (geotechnical phenomena that have a negative impact and a risk on the integrity of the
environment and local communities, such as landslides, rockfalls, liquefaction, suffosis) during the
flooding process. This paper’s originality consists of combining the methods and methodologies
developed with the help of classic methods (Fellenius, Janbu, and Bishop methods) and probabilistic
ones (Rosenblueth method) existing in the specialized literature for solving the proposed problem
and structuring the information similar to a guide.

Keywords: coal open-pits; remaining gaps; slope stability; landslides; risk assessment; geotechni-
cal phenomena

1. Introduction

Worldwide, recovery and reuse of degraded lands has become a commonly used
practice, with major and long-term benefits. As examples, countries such as Germany,
Finland, the United Kingdom, the United States, and Canada can be listed [1,2]. Some
of the reuse directions of the degraded mining lands are recreational areas, lakes with
different functions, agricultural areas, museums, educational or scientific centers, tourist
attractions, and controlled waste deposits [1,2].

In Romania, most of the mining-degraded lands are now occupied, for instance, by
forests, crops, vineyards, and orchards, and the remaining gaps are used as settling ponds
or as waste deposits. However, the problem is that there is no global concept of ecological
restoration, which integrates into a whole unit an entire mining perimeter or even an entire
mining basin.

As an ecological restoration method, flooding the remaining gaps of former open-pits
is being applied increasingly frequently worldwide [3]. This method is economically ac-
ceptable, taking into account the long-term benefits such as reintegration into the landscape,
ecosystem recovery, and land reuse. The opportunities are widely dependent on safety
issues, including here the water quality and stability conditions of the final slopes [4].

The flooding process depends on the available volumes of water and the volume of
the open-pit. Flooding can be achieved by two methods: naturally (water supply from
precipitation, surface runoff, and aquifer formations) and artificially (water supply from
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natural sources through anthropogenic intervention, e.g., surface water additions, and the
potential of artesian aquifer).

In this paper, we aimed to evaluate and analyze the failure/landslide risks in the
conditions of flooding the remaining gaps of former lignite open-pits. The risk of failure
has been evaluated in numerous works through different methods and methodologies. In
most of the previous research, the failure risk was evaluated based on the critical failure
surface with the minimum factor of safety combined with the limit equilibrum method
(as is the case of the present paper) [5–8]. Some results have shown that the conventional
analysis methods tend to underestimate the slope failure risk. However, for an initial
determination of the critical failure surface, the conventional methods are considered.

The present paper is of great importance since slope stability is one of the most
complex and challenging disciplines in the field of geotechnical engineering. It requires
continuous development and improvements based on new research, data, experience,
and practices.

In other research, a probabilistic approach has been made. The probabilistic analysis
is useful when there is a complex stratigraphy and several critical failure surfaces. The
probabilistic analysis allows for obtaining the most probable value of the stability limit,
incorporating the influence of geotechnical uncertainty [8–11].

The assessment of slope stability is based on decades of research studies. Numerous
researchers have brought together data, information, and facts, providing a set of principles
and tools useful in the field of geotechnics. Starting from these, solutions can be found for
stability problems. Additionally, new research in the field can serve as important sources
for the development and improvement of the existing principles and analysis tools.

Studies conducted on failure risk of the final slopes of former open-pits in case
of flooding are increasingly common [4,12–14]. Prospective analyses have the role of
highlighting areas with failure potential. The success of these analyses and studies would
mean reducing or even eliminating the risks of failure due to: (1) continuous improvement
of working methods (sampling, processing, sample preservation, more measurements
and tests); (2) the possibility of eliminating extreme values (the most unlikely values)
considering the data are normally distributed (gaussian distribution); (3) smaller error
(human or technical error), leading to better precision; and (4) obtaining reliable results.

The existing theory, resulting from long-term studies and which is based on the prin-
ciples and tools mentioned above, is useful for performing prospective analyses which
could be of major importance due to the possibilities of elimination of the failure risk. How-
ever, over time, retrospective analyses of landslides have provided the most information
through systematic observation, sampling, field and laboratory testing, and analyses. Under
the conditions of aquifer restoration and flooding the remaining gaps, the geotechnical
characteristics of the rocks worsen due to the negative influence of water. Water is the
main cause of negative geotechnical phenomena, such as landslides, and it has a negative
influence mainly through the manifestation of pore water pressure and hydrodynamic
pressure. Water also has positive effects on the stability in the conditions of submerged
slopes. In this case, the water above the slope exerts a hydrostatic pressure behaving like a
support prism [15].

The present study was conducted in the region of the North Pesteana open-pit. The
results can be extended to the adjacent mining areas belonging to the Rovinari Mining
Basin or other similar areas. The failure risk assessment methodology to be presented is a
relatively simple and yet efficient tool being structured similar to a guide.

The proposed methodology was verified through eight slope stability examples (four
dump slopes and four in-situ slopes), as can be seen in the following demonstrations.
Although there are some limitations, the limit equilibrium method has a number of advan-
tages and is easily applied, and the results obtained from the applications of this method
have been accepted all over the world, often being used for guidance or as indicators of the
stability reserve. The results obtained, in this paper, from the application of LEM-based
methods were supported (or confirmed) by the behavior of slopes observed over several
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decades. There are also numerous stability studies (of which a number of 10 studies were
cited in this paper), which confirms that the application of these methods is sufficient. It
can be used as an indicator for the local authorities to assess the probability of occurrence
of landslides and the vulnerability of objects in areas of influence (elements at risk).

In this paper, we aimed to encourage research in the geotechnical field, environmental
engineering, and management of the remaining gaps of former lignite open-pits. Assessing
the failure risk of slopes by applying simple but effective methods, such as the one described
in this paper, allows a larger-scale assessment under acceptable economic and technical
conditions. The safety of the anthropogenic and natural objects and the people in the
influence areas of landslides represents the main goal of these types of studies or projects.

2. Materials and Methods

To identify the remaining gaps that are suitable for flooding in the context of ecological
restoration of mining degraded lands, an opportunity assessment was made using the
following evaluation criteria: geomorphology, orography, hydrology, hydrogeology of the
region, the configuration of the remaining gap and final slope stability conditions, the
necessity to restore the aquifer resources and to create body water in the area, accessibility
and distance to the areas of interest, investments for the recovery and rehabilitation of the
remaining gap, and population requirements. The opportunity assessment consisted of a
qualitative assessment, the evaluation criteria being ranked with scores from 0 to 3, with
0 characterizing the inopportunity of flooding and 3 the major flooding opportunity of a
remaining gap [16]. Therefore, the method of flooding former open-pits can be applied
when there are favorable conditions which allow natural flooding in safe conditions with
low investments, also satisfying the requirements of the local communities: development
of the open-pit in the meadow areas, inflow of water from precipitation and aquifer
formations, stable slopes before, during, and after the flooding process, the necessity
of restoration of aquifer resources (restoration of water resources for local communities,
maintenance of vegetation, crops, etc.), and compliance with the population requirement
(taking into account that the pit lake can yield important functions with major ecological
and economic benefits). Otherwise, it is recommended to choose another type of restoration.

The visual analysis of the deformations and changes occurring in a rock mass/rock
deposit is an important step in the land stability assessment activity. To characterize the
technical state of the slopes, several field observations were made in the North Pesteana
mining perimeter since 2017. We identified fissures, cracks, erosion, suffosis zones, and
superficial landslides (Figure 1). Still, these did not affect the overall stability of slopes,
except for several larger landslides that occurred in early 2018 on the eastern slope of the
quarry. These landslides affected the structure of the road that serves the mining perime-
ter [17,18]. Overall, these changes and modifications may endanger the stability of the
individual/system of steps. Based on the visual analysis, deformations, changes, possible
causes and other related effects were highlighted, identifying areas of potential risk.

Knowing the hydrological and hydrogeological characteristics of a region [15,19–29]
allows us to evaluate the water availability and the possibility of flooding the remaining
gap, but is also of particular importance in the context of geotechnical problems, as water
has negative influences on the slope stability.

Geotechnical studies are not complete without determining, through the laboratory
and/or in-situ tests, the geotechnical characteristics of the rocks. Therefore, we took
disturbed samples from the North Pes, teana mining perimeter (Figure 2) and performed
laboratory tests (granulometric composition, moisture, volumetric and absolute specific
weight defined by the ratio between the weight and volume including the pores of the
rock, respectively the ratio between the weight and the volume of solid without pores,
shear strength, and rock compressibility) to determine the geotechnical characteristics of
the rocks (Figure 3) [18].



Sustainability 2021, 13, 6919 4 of 27

Sustainability 2021, 13, x FOR PEER REVIEW 4 of 29 
 

turbed samples from the North Peșteana mining perimeter (Figure 2) and performed la-
boratory tests (granulometric composition, moisture, volumetric and absolute specific 
weight defined by the ratio between the weight and volume including the pores of the 
rock, respectively the ratio between the weight and the volume of solid without pores, 
shear strength, and rock compressibility) to determine the geotechnical characteristics of 
the rocks (Figure 3) [18]. 

  

 

  

(a) (b) (c) (d) (e) 

Figure 1. Deformations and changes observed during the visual analyses performed in the North Pesteana mining perim-
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Figure 1. Deformations and changes observed during the visual analyses performed in the North Pesteana mining perimeter.
(a) Pluvial erosion on the western slope of the open-pit; (b) Landslide affecting the technological road that serves the mining
perimeter; (c) Cracks on the platform of the IInd dumping step; (d–e) The suffosis zones occurred on the IIIrd and IVth in-situ
slopes [17,18].
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Figure 3. Laboratory determination of geotechnical characteristics of the rocks. (a) Granulometric analysis; (b) Soil moisture;
(c) Volumetric weight; (d) Shear strength; (e) Absolute specific weight; (f) Rock compressibility.

The latest data obtained from the laboratory tests (for the dump material) were used
to complete the existing data sets that were taken from the studies carried out by specialists
in the field over 4 decades. Subsequently, the data strings were subjected to statistical-
mathematical processing.

It is difficult to obtain correct values of the physical and mechanical characteristics
of rocks using disturbed samples, but we proceeded to load the material with a pressure
equal to that existing in the field (taking into account the height of the rock column above
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the sample and its volumetric weight). Thus, we obtained a degree of compaction close
to the one existing in the field. The results of tests are presented in Table 1. In addition,
an important procedure that we applied, namely the statistical processing, ensured the
obtaining of representative values of the geotechnical characteristics of the rocks. Statistical-
mathematical data processing is a methodology that includes operations that ensure the
transition from individual data to data and information that allows the characterization of
the entire research community (in the case of the presented paper, this allowed the charac-
terization of the geotechnical characteristics of rock). Processing involves synthesizing and
comparing data so as to eliminate what is accidental and non-essential in the production
and manifestation of the studied phenomenon. Any approach involving data processing
involves several steps: data collection, centralization and grouping, data processing and
calculation of the system of indicators that characterizes the researched community, and
presentation of processing results in the form of series, tables, and/or graphs.

Table 1. The physical and mechanical characteristics of rock from North Pes, teana perimeter.

Sample
no.

Physical Characteristics Mechanical Characteristics
Granulometric Composition, [%] Volumetric

Weight,
Ga

[kN/m3]

Absolute
Weight,

Gs
[kN/m3]

Natural
Moisture,

w [%]

Compresibility Shear Strengh
Clay Silt Sand Gravel,

Boulder
Compressibility

Coefficient,
ec*10−4 [m2/kN]

Specific
Settlement, ep

[cm/m]

Cohesion
c [kN/m2]

Internal Friction
Angle,
ϕ [◦]

S1 - - 100 - 16.10 26.61 7.49 0.51 0.52 0 31.78
S2 - - 100 - 15.72 26.64 3.65 0.39 0.67 0 24
S3 7.5 27.5 65 - 19.70 27.11 23.53 1.55 1.55 18 23.75
S4 24 28 42 6 19.52 26.30 21.68 0.82 0.85 4 22.78
S5 - 38.5 61.5 - 20.56 26.67 23.27 0.44 0.45 4 20.81
S6 - - 91 9 20.69 26.67 22.87 0.22 0.225 0 35
S7 20 43 27 10 20.21 26.26 22.47 0.65 0.65 14 16.17
S8 10 55 33.5 1.5 17.77 25.97 20.58 1.94 1.95 12.5 28.15
S9 - - 99.5 0.5 15.99 26.64 5.65 1 1 0 27.25
S10 - - 73 27 17.59 26.72 15.19 1.57 1.58 3 19.8
S11 - - 78 22 18.82 26.48 18.59 0.91 0.95 3 27.7
S12 41 52 7 - 17.40 26.22 27.97 0.55 0.55 37.5 17.48
S13 - - 89.5 10.5 17.71 26.46 7.24 0.28 0.30 0 24.8

Based on the existing geotechnical boreholes and sections drawn in the areas of interest
(Figure 4), the composition of the dumped material was determined depending on the
nature of the rocks; it resulted that the waste rocks were mainly composed of a succession
of clay (28.36%), marl (12.72%), sand (47.91%), gravel and boulders from the terrace (9.82%),
and fertile soil (1.19%).
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The main geotechnical characteristics required in the stability studies are the volumet-
ric weight, cohesion, and angle of internal friction. Based on the existing classifications
in the specialty literature [15,18,19] and the ternary diagram [30], the classification and
description of the analyzed samples were performed, resulting:

• S1—Sand (predominantly medium);
• S2—Sand (predominantly fine);
• S3—Silty-clayey sand;
• S4—Sandy clay;
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• S5—Silty sand;
• S6—Sand with gravel elements;
• S7—Clayey silt;
• S8—Silt;
• S9—Sand (predominantly fine) with rare elements of gravel;
• S10—Sand with clay and gravel elements;
• S11—Sand with clay and gravel elements;
• S12—Coal rock in silty clay mass;
• S13—Sand (predominantly coarse) with gravel elements.

Rocks undergo significant changes in the sense of deterioration of their mechanical
characteristics.

According to the specialized literature [15,19], the failure of the slopes is one of the
main geotechnical risks that may occur in case of flooding the remaining gaps, along with
the suffosis and liquefaction phenomena, erosion, abnormal settling, and others. The early
assessment of geotechnical risks allows the establishment of risk reduction measures ensuring
favorable conditions of stability and the security of the objects in the areas of influence.

2.1. Classic Methods of Slope Stability Analysis

Currently, slope stability is theoretically or practically estimated. The theoretical
estimation is performed using different methods of calculation from the soil mechanics
based on different types of rocks and calculation hypotheses. Practically, the slope stability
is estimated by measuring the field deformations. The specialized literature mentions
different calculation methods for analyzing the stablity of the slopes depending on the
failure surface shape—plane [31], curved [32–34], or polygonal [35]. Given the fact that
these methods are well known, we will not go into details.

In this study, stability analyses were performed using the Slide software [36] and
methods based on curved failure surfaces: Fellenius, Janbu, and Bishop [32–34]. The Slide
software allows for modelling slopes according to their geometry and defining the rock
layers or mixture of rocks depending on their geotechnical characteristics. The software
ensures the automatic calculation of the safety factor for all probable sliding surfaces and
highlights the critical sliding surface.

The varying (heterogeneous) geological formations, the anisotropy of rocks, the sam-
pling conditions, the working methods, and methodologies are some of the factors that may
lead to a high dispersion of values for the geotechnical indices. Choosing representative
values of the geotechnical characteristics is a difficult operation for which the statistical-
mathematical processing of some comprehensive data strings is recommended [15].

The deterministic type of stability analysis presents errors such as inaccuracy, approxi-
mation, and simplifications induced by the terrain model and related to its non-homogeneity.
In contrast, a probabilistic approach allows for examining errors with probability theory tools
and addressing the source of uncertainty more rigorously and rationally.

2.2. Probabilistic Methods of Slope Stability Analysis

Probabilistic analysis replaces the notion of the safety factor to that of the stability
limit. The stability limit is defined as the difference between the resistance forces and the
failure forces (Equation (1)) [37,38].

LS = Frez − Fal = Fs − 1, (1)

where:
LS—stability limit;
Frez—resistance forces;
Fal—failure forces;
Fs—safety factor.

The sources of uncertainty lead to the generation of a range of LS values possibly
distributed according to a law of probability density (for example, Gaussian distribution).
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It is defined as the slide probability (Pr), the probability that the value of LS is less than 0
(LS = 0 represents the equilibrium condition).

Rosenblueth’s method [37,38], applied to verify the stability of a slope in soft rocks,
allows for obtaining the average value of the stability limit and an indication of its dis-
persion (Equations (2)–(7)). These two values allowed for directly obtaining the value of
the stability limit associated with a certain probability of failure (characteristic value of
the stability limit) using Equation (8). The coefficient of variation of the stability limit is
defined as the ratio between the standard deviation of the average stability limit and the
average value of the stability limit (Equation (9)). The failure probability was obtained
from the graph presented in Figure 5 by calculating the value of the parameter χ, which is
associated with a value of LS = 0, provided by Equation (10).

LS1 = Fsmin − 1, (2)

LS2 = Fsmed − σ − 1, (3)

LS3 = Fsmed + σ − 1, (4)

LS4 = Fsmax − 1, (5)

LSm = (LS1 + LS2 + LS3 + LS4)/4, (6)

σLS = 0,5 ·
√

(LS12 + LS22 + LS32 + LS42), (7)

LSk = LSm · (1 + χ · KLS), (8)

KLS = σLS/LSm, (9)

χ = −1/KLS, (10)

where:

Fsmin—minimum safety factor;
Fsmed−σ—safety factor for average − σ values;
Fsmed+σ—safety factor for average + σ values;
σ—standard deviation of the geotechnical characteristics of the rocks;
Fsmax—maximum safety factor;
LSm—average value of the stability limit;
σLS—standard deviation of the stability limit;
LSk—characteristic value of the stability limit;
KLS—variation coefficient of stability limit;
χ—parameter depending on the probability distribution law.
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The determined value of the failure probability must be related to the importance of
the studied case and the degree of knowledge of the terrain’s characteristics [40].

2.3. Methods for Risk Assessment

Risk ranking is based on a matrix whose axes are represented by the severity of the
consequences and probability. The combination between these two (usually the product
between them), the severity of consequences and likelihood/probability, defines the risk.
Numerous risk matrices have already been developed and implemented. A typical risk
assessment matrix is the 3 × 3 matrix with three levels of risk according to the OHSAS
standard/ISO45001:2018, recommended by the European Agency for Occupational Safety
and Health. There are also matrices with more levels of probability, consequences, and
risks [41]. Unlike other sources that use the 3 × 3 matrix or other simple matrices, we
refined the risk evaluation process. Thus, we opted for a 5 × 5 matrix, represented by five
classes of vulnerability and probability, based on which we separated six classes of risk.
This model is acceptable when an extreme situation is defined, as can be seen in this paper.

The risks associated with geotechnical phenomena are the quantitative evaluation
expressed in monetary units, the material or numerical losses, and the human casualties
recorded as a result of the catastrophes caused by their occurrence.

From a qualitative point of view, the geotechnical risk was calculated as the product
of the probability of manifestation of geotechnical phenomena and the vulnerability of the
objects in the area according to the technical state of the slopes (Equation (11)).

R = Pr · V, (11)

where:

R—the geotechnical risk;
Pr—the probability of manifestation of geotechnical phenomena;
V—the vulnerability of the objects in the area according to the technical state of the slopes.

Risk quantification can be based on a simple classification system wherein the proba-
bility and the vulnerability are ranked, assigning them representative scores. This allows
for comparisons between different risks. The higher the result, the higher the priority for
risk control.

2.4. A Simplified Failure Risk Assessment Methodology

Even though there are numerous methods and methodologies for risk assessme-
nt [12,13,41,42], improving or simplifying them or developing new ones represents a step
forward in science and is a special challenge. The proposed methodology was based on
four important steps and some essential sub-steps as shown in Figure 6.

To be applied, the proposed methodology requires knowledge of several aspects.
The identification of the recovery, flooding, and reuse opportunity of the remaining

gaps of former open-pits, by case, are made based on well-defined criteria. The higher the
number of evaluation criteria, the more reliable the results [16].

The evaluation of the flooding opportunity allows for the identification of the open-
pits that are suitable for flooding. Some of the most important evaluation criteria refer to
the hydrological, hydrogeological, and geological conditions characteristic to the studied
area, which allows for the evaluation of the stability conditions, character, and availability
of water resources that can contribute to the flooding of the remaining gap, duration of the
flooding process, etc.

Some of the abandoned remaining gaps of former open-pits are naturally flooded [3,14]
and, in some cases, the newly created conditions have negative effects on the slope stability,
leading to the manifestation of geotechnical phenomena such as landslides and liquefaction
of dumped material. The identification of the danger (landslides, rockfalls, suffosis, or
liquefaction phenomena, etc.) and the recognition of the most susceptible areas can be
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done, most easily, by in-situ investigations and visual analysis (observation of changes and
deformations such as cracks, fissures, erosions, etc.).
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Assessing the individual characteristics of the slopes (such as height, slope inclina-
tion, nature of the rocks, volumetric weight, cohesion, internal friction angle, etc.) was
performed in-situ or in the laboratory. The working accuracy is affected by several factors
(weather conditions and the depth of sampling influence their moisture, the precision of
slope modelling), giving rise to errors. The errors, occurring since the sampling phase,
could not be avoided or eliminated, but could be reduced, for example by repeated mea-
surements/determinations. The data were subjected to statistical-mathematical analyses to
obtain representative values that characterised the in-situ rock layers and the mixture of
dumped rocks (data strings as long as possible are preferred).

An important step is the formulation of the hypotheses, based on which the stability
analyses were performed. The hypotheses were formulated based on the experimental data,
respectively on the values of the geotechnical characteristics considered representative and
on the present (existing) and future (predicted) influences and conditions in the field.

Effective landslide risk assessment involves an estimation of the vulnerability of
natural and anthropogenic objects in the area of influence and the probability of occurrence
of such an event. Early risk assessment allows for the establishment and implementation
of appropriate risk mitigation actions.

3. Results

The four steps of the proposed methodology were applied and verified for the partic-
ular case of the Rovinari Mining Basin (Figure 7).

The Rovinari Mining Basin includes five active coal open-pits whose exploitation
activity will cease in a maximum of 5 years, and this situation will require the application
of solutions for the recovery of degraded lands. In the Rovinari Mining Basin, 12 open-
pits have been put into operation over time, but only seven of them are still operational,
these being grouped into five open-pit mining units: Rovinari, Tismana, Pinoasa, Rosia
de Jiu, and North Pesteana. Some of the closed open-pits are used as a deposit for the
slag and ashes from the Rovinari Power Plant, while others were recultivated or were
abandoned and naturally reintegrated into the landscape (some as open-pit lakes: Urdari,
South Pes, teana).
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3.1. Opportunity Analysis

As a result of the opportunity assessment [16], the remaining gap of the North Pesteana
open-pit presents a major flooding opportunity. The major flooding opportunity results
due to local conditions specific to the North Pes, teana open-pit which favor this type of
recovery. The lignite deposit is located entirely below the level of the surrounding land,
so the probability of a resulting gap after the cessation of mining activity is high. The
development of deposits in the meadow area of the Jiu River, respectively in a region with
aquifer horizons of impressive dimensions (the Dacian aquifer complex) [20], has a positive
influence in the conditions of restoring aquifer resources and flooding the remaining gap
naturally, without major financial investments. Considering the agrarian specificity of the
region, the major water requirements of the agricultural crops, and the drought periods, the
creation of a lake has numerous benefits, constituting a source of water for crop irrigation.
In addition, the lake could be used for recreational and leisure purposes or could have a
naturalistic purpose [43]. The North Pes, teana perimeter is located near the areas of interest
(localities, agricultural lands), and access will become easy once the existing technological
roads are asphalted. The demands of the population are one of the most important criteria
on which the evaluation of the flooding opportunity was based. According to the results
of an opinion poll [44], the population chose, in more than 75% of cases (Figure 8), the
creation of a lake in the remaining gap of the Peşteana Nord open-pit.

The configuration of the final slopes of the North Pes, teana open-pit are presented in
Figures 9–11 and their geometrical characteristics are presented in Table 2.

To evaluate the failure risks in the conditions of flooding the remaining gap of the North
Pesteana open-pit, a series of research, studies, and preliminary analyses were necessary.
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Table 2. The geometrical characteristics of the final slopes of the North Pes, teana open-pit.

Values Height, hi [m] Slope Angle, α [◦] Berms Width [m] Total Height, H [m] General Slope
Angle, αgen [◦]

Dump slopes

Existing

Ist 10.5 26 100.4

55.3 6
IInd 15.1 26 174.6
IIIrd 14.8 27 102.5
IVth 14.9 26 >180

Designed 10–15 18–27 >100 105 9

In-situ slopes

Existing

Ist 20.1 46 >80

74.1 1 10
IInd 19.7 36 97.4
IIIrd 20.1 40 107.7
IVth 14.2 36 102.4

Designed 20 45 60–80 80 14
1 measured in relation to the open-pit base.

3.2. Geological and Hydrogeological Conditions

The lignite deposit in the Rovinari mining basin is located in Dacian, Romania, and
Quaternary formations (belonging to both the Pleistocene and Holocene) are composed of
21 layers of lignite of which nine are exploitable (IV–XII), the upper layers (IX–XII) being
eroded over large areas or even completely. The lignite layers are located between layers of
sterile rocks that consist mainly of fine to coarse sands, clays, and marls.

According to analyses carried out on the hydrological (rainfall water has a relatively
small but significant contribution to the flooding of the remaining gaps, of 10–20 mm/m2),
hydrographical (Jiu River and its tributaries, some having a constant but small flow, while
others have temporary flows which vary depending on the season and atmospheric precip-
itation), and hydrogeological conditions (phreatic layers, aquifer layers under pressure)
specific to the region are favorable for flooding, but they also have a significant negative
effect on the slope stability as a result of the worsening of geotechnical characteristics of
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the rock under the influence of the water (increasing of volumetric weight and decreasing
of cohesion and internal friction angle) [45,46].

In-situ rocks are in a natural, undisturbed condition, while the waste rocks are in a
loose state, their resistance structure being destroyed as a result of excavation, transport,
and storage works. Therefore, from a stability point of view, more significant problems are
raised by the dump slopes.

To determine the geotechnical characteristics of the rocks from the final slopes of the
remaining gap of the North Pesteana open-pit, 13 disturbed samples were taken.

Table 3 lists the centralized the values of the geotechnical characteristics of the rocks
(volumetric weight, cohesion, and internal friction angle), for both the natural and saturated
rocks, to ensure quick analysis of the results.

Table 3. The values of the geotechnical characteristics of the rocks in natural and saturated conditions.

Sample no. Nature of Rocks
Moisture

w [%]
Volumetric Weight

Ga [kN/m3]
Cohesion
c [KN/m2]

The Angle of Internal
Friction ϕ [◦]

Nat 1 Sat 2 Nat Sat Nat Sat Nat Sat

S1 Sand (predominantly medium) 7.49 28.98 16.10 19.32 0 0 31.78 21.55
S2 Sand (predominantly fine) 3.65 28.12 15.72 19.43 0 0 24 19.29
S3 Silty-clayey sand 23.53 24.08 19.70 19.79 18 4.67 23.75 20.3
S4 Sandy clay 21.68 23.78 19.52 19.86 4 2.67 22.78 10.48
S5 Silty sand 25.10 23.88 20.56 20.36 4 4 20.81 20.81
S6 Sand with gravel elements 25.11 23.41 20.69 20.41 0 0 34.22 34.22
S7 Clayey silt 22.49 22.44 20.21 20.20 14 14 16.17 16.17
S8 Silt 20.58 28.65 17.77 18.96 12.5 6.5 28.15 17.74

S9 Sand (predominantly fine) with
rare elements of gravel 5.65 27.69 15.99 19.33 0 0 27.25 24

S10 Sand with clay and gravel
elements 15.19 27.48 17.59 19.47 3 1.3 19.8 16.43

S11 Sand with clay and gravel
elements 18.59 24.5 18.82 19.76 3 1 27.7 23.99

S12 Coal rock in silty clay mass 27.97 34.17 17.40 18.24 37.5 4.67 17.48 9.93

S13 Sand (predominantly coarse)
with gravel elements 7.24 21.11 17.71 20.00 0 0 24.8 20.81

1 Nat—Natural moisture of rocks; 2 Sat—Saturated rocks.

Shear strength was determined by laboratory tests performed using a three-boxes
(square boxes with side of 6 cm) direct-shear device. Three tests were performed for each
rock sample, both at natural moisture (the one existing at the time of sampling) and at
saturation. Normal pressures between 100 kN/m2 and 300 kN/m2 were applied. The
shear test speed for all samples was 0.2 mm/min. Shear test results allowed for obtaining
the shear strength parameter cohesion and internal friction angle, which are linked by the
Mohr-Coulomb strength criterion [47].

Statistical-mathematical processing was carried out to obtain representative values of
the geotechnical characteristics of the rocks (respectively for in-situ rock layers depending
on the nature of the rocks and for the mixture of waste rocks). For this purpose, repre-
sentative data (more than 100 data sets) from specialized literature [15,19], geotechnical
studies elaborated by specialized institutions [20–29], and data obtained from laboratory
determinations were taken into account.

In the case of in-situ rocks, the average values of the geotechnical characteristics were
calculated, depending on the nature of the rocks (marls, clays, sands, boulders and gravels,
lignite, vegetal soil), and in the case of a mixture of waste rocks, the weighted average
values were calculated.

The results of the processing, for rocks in a natural state, are shown in Table 4.
In the case of in-situ rocks, the stability analyses were performed based on the charac-

teristic average values depending on the nature of the rocks.
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Table 4. The average values of the geotechnical characteristics of the rocks.

Nature of the
Rocks

Volumetric Weight
Ga [kN/m3]

Cohesion
c [kN/m2]

Internal Friction Angle
ϕ [◦]

In-Situ Dump In-Situ Dump In-Situ Dump

Marly 19.12 18.3 42.92 36.4 19.83 17.75
Clayey 19.64 18.05 41.07 24.48 19.43 18.60
Sandy 19.44 17.11 7.58 3.33 27.66 25.79

Boulder, gravel 21.41 20.86 0 0 35 34
Vegetal soil 14.7 14.7 24 24 20 20

Mixture of rocks - 17.87 - 13.45 - 23.75

3.3. Stability Analysis

Slope failure is one of the main problems that occurs in geotechnical engineering.
Failure could cause the destruction of the environment, anthropogenic objects, and even
the loss of human lives. Assessment of slope stability is an extremely important step.
It requires rigorous analysis and consideration of all influence factors. Increasing rock
moisture (as a result of the influx of water from precipitation or snow melting, surface
water, or groundwater) has major negative effects on the stability of slopes, as it causes,
on the one hand, the increase in volumetric weight of rocks, respectively the increase in
failure forces and, on the other hand, the reduction of strength characteristics of rocks
(cohesion and internal friction angle), respectively of the resistance forces. Therefore, the
state of stress in the massif and in the dump changes considerably with the beginning
of the flooding process of the remaining gap. Water in the lake has a positive effect on
stability due to the hydrostatic pressure of the water, which opposes failure [15,19,48,49].
Depending on the physical and mechanical characteristics of the in-situ and waste rocks, it
can reach the situation of raising the water level in the rocks (due to the capillary forces),
the manifestation of the pore water pressure, and the hydrodynamic pressure which, again,
negatively influences the stability.

Water causes a decrease in shear strength either by reducing the apparent cohesion
or by creating or extending cracks, which represent potential slip surfaces when moisture
increases [45,50].

The hydrological, hydrographic, and hydrogeological conditions specific to the region,
the infiltration processes, and the porosity and permeability characteristics of the rocks are
those that favor the penetration and circulation of water through rocks. The presence of
water in rocks reduces the stability reserve by the negative effect of the water pressure in
the pores which decreases the effective pressure on the sliding surface, which leads to the
reduction of the shear strength and implicitly of the factor of safety [15,19,48,50–53].

The water pressure in the pores (Ui) negatively influences the stability of the slopes,
as it determines the reduction of resistance forces, while in the case of submerged slopes
the normal component of hydrostatic pressure (Ni

S) on the slope contributes to increased
sliding resistance, as it increases the friction force. Therefore, even in this case, the pore
water pressure is also manifested, but the depending on the water column and the pressure
it exerts on the slope ensures a higher stability factor, resulting in the positive effect of
water on slopes.

For the mixture of waste rocks, three hypotheses were established, and the stability
analyses were performed based on three sets of values characteristic of these hypotheses:
average values - σ, average values, and average values + σ, where σ represents the standard
deviation (Table 5).

Considering the three hypotheses, it was suggested that the set of average values
provides the closest indications to the real situation, so these values are presented further.

As a result of the stability analyses, it was found that some areas were more prone to
failure; therefore, to obtain more satisfying results, the stability and the risk of failure of the
final slopes were evaluated in different stages of their flooding.
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Table 5. Sets of values subject to stability analysis.

Hypotheses
I (Unfavourable) II (Favourable) III (Most Favourable)

Average values − σ
Ga = 16.33 kN/m3; c = 8.93 kN/m2;

ϕ = 19.41◦

Average values
Ga = 17.87 kN/m3; c = 13.45 kN/m2;

ϕ = 23.46◦

Average values + σ
Ga = 19.40 kN/m3; c = 17.98 kN/m2;

ϕ = 27.52◦

The evaluation of the stability of the slopes in different stages of the flooding of the
remaining gap ensured a proper (and step by step) evaluation. For the case of the North
Pesteana open-pit, eight flooding stages were considered (Figure 12), respectively:

• Stage 0 (the initial stage), after the cessation of the exploitation activity, when the
flooding had not started yet, and therefore under natural water drainage conditions
(natural moisture of the rocks);

• Stages 1–7 (intermediate stages) when, one by one, the final slopes were submerged.
Generally, the height of the pit steps varied (the in-situ steps, usually, were higher than
the dump steps). Therefore, under these conditions, the total submersion of a slope
(dump/open-pit) implies a partial submersion of the opposite slope (open-pit/dump);

• Stage 8 (the final stage), in which all the final steps of the remaining gap were submerged.
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Table 6. The values of the safety factors assigned to the eight flooding stages and the safety factors for the final individual 
steps in different conditions—Comparison of situations. 

Slopes 

Safety Factor Values 9 
Open-Pit Dump Average 

Nat Sat Sub Nat Sat Sub 
I 1.235 0 1.109 1 1.478 2 1.771 0 1.588 2.720 1 

II 1.605 1.218 3 2.355 4 1.538 1.199 2 2.009 3 

III 1.259 0.790 5 1.712 6 1.792 1.250 4 2.164 5 

IV 1.660 0.972 7 2.362 8 1.492 1.150 6 1.951 7 

Figure 12. Flooding stages. The scheme was made for the case of the remaining gap of the North Pesteana open-pit. Stages
0 and 8 represent the initial stage (the flooding has not started yet) and the final stage (all final slopes are submerged),
respectively. Intermediate stages 1–7 correspond to the flooding of the final slopes (submerged conditions), one by one.

Stability analyses were performed using the Slide software (Rocscience, 2010) in
different conditions (natural moisture, saturated rocks, and submerged slopes) and at
different stages of flooding of the remaining gap (Table 6).

The three methods of stability analysis for curved sliding surfaces (Fellenius, Janbu,
Bishop) provided close values of the safety factors, but only the minimum values (resulting
from the application of Janbu’s method) were taken into account.

A slope is stable when the safety factor is higher than 1. In order to ensure the stability
of the slopes in time, taking into account the influencing factors that may occur (water,
vibrations, earthquakes, cracks, etc.), the stability reserve must be at least 25% for in-situ
steps and 30% for dump steps. The stability assessment of the individual steps was carried
out by the recommendations existing in the specialized literature, so the optimal value of
the safety factor was in the range Fs = 1.25 ÷ 1.5 or higher for in-situ steps and Fs = 1.3 for
dump steps (in Table 6, the lower values are highlighted) [15].
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Table 6. The values of the safety factors assigned to the eight flooding stages and the safety factors
for the final individual steps in different conditions—Comparison of situations.

Slopes
Safety Factor Values 9

Open-Pit Dump Average
Nat Sat Sub Nat Sat Sub

I 1.235 0 1.109 1 1.478 2 1.771 0 1.588 2.720 1

II 1.605 1.218 3 2.355 4 1.538 1.199 2 2.009 3

III 1.259 0.790 5 1.712 6 1.792 1.250 4 2.164 5

IV 1.660 0.972 7 2.362 8 1.492 1.150 6 1.951 7

0–8—safety factors assigned to the eight flooding stages; 9—safety factors for circular failure surfaces; Nat—Naturally
drained rocks; Sat—Saturated rocks with the influence of pore water pressure; Sub—Submerged slopes.

The results obtained from the data processing allowed for the analysis of the final
slope stability, using Slide software, under three different conditions:

• natural moisture—under natural water drainage conditions (Figures 13 and 14);

Sustainability 2021, 13, x FOR PEER REVIEW 17 of 29 
 

0–8—safety factors assigned to the eight flooding stages; 9—safety factors for circular failure surfaces; Nat—Naturally 
drained rocks; Sat—Saturated rocks with the influence of pore water pressure; Sub—Submerged slopes. 

A slope is stable when the safety factor is higher than 1. In order to ensure the stability 
of the slopes in time, taking into account the influencing factors that may occur (water, 
vibrations, earthquakes, cracks, etc.), the stability reserve must be at least 25% for in-situ 
steps and 30% for dump steps. The stability assessment of the individual steps was carried 
out by the recommendations existing in the specialized literature, so the optimal value of 
the safety factor was in the range Fs = 1.25 ÷ 1.5 or higher for in-situ steps and Fs = 1.3 for 
dump steps (in Table 6, the lower values are highlighted) [15]. 

The results obtained from the data processing allowed for the analysis of the final 
slope stability, using Slide software, under three different conditions: 
• natural moisture—under natural water drainage conditions (Figures 13 and 14); 

Figure 13 shows the slope of the Ist in-situ step in conditions of natural moisture of 
the rocks. The result of the stability analysis indicated a safety factor for this slope of 1.235, 
which means the slope was stable. The stability reserve was still not enough, according to 
the recommendations, knowing that, during the restoration of aquifer resources and 
flooding of the remaining gap, the negative influence of water will manifest. It can be 
noticed that the phreatic aquifer is located in the gravels and boulders layer and, under 
the influence of water, may significantly reduce the stability reserve of the slope. 

Figure 14 shows the slope of the IVth dump step in conditions of natural moisture of 
the rocks. The result of the stability analysis indicated a high safety factor of 1.492, which 
means there was an important stability reserve, first of all, due to the fact that there were 
no negative influences and also due to its favorable geometrical elements. 

 
Figure 13. Stability analysis for the Ist in-situ step in conditions of natural moisture of the rocks. Figure 13. Stability analysis for the Ist in-situ step in conditions of natural moisture of the rocks.

Sustainability 2021, 13, x FOR PEER REVIEW 18 of 29 
 

 

Figure 14. Stability analysis for the IVth dump step in conditions of natural moisture of the rocks. 

• saturated rocks—under the conditions of the aquifer resources restoration, respec-
tively of the increase of the water level in the dump and of the manifestation of the 
water pressure in the pores (Figures 15 and 16); 
Slide software is a software capable of analyzing the stability even in the case of man-

ifestation of pore water pressure in rocks or in case of submerged slopes and complies 
with the calculation algorithm existing in the literature. The piezometric line, in the case 
of the in-situ slopes, was defined up to the roof of the aquifer formation (except for the 
phreatic aquifer considering that the final level of the lake will coincide with it as the 
gravel allows water to drain) and the maximum hydraulic gradient determined for the 
North Pesteana mining perimeter (I = 0.03) was considered. The water level in the dump 
was defined depending on the water level in the lake and the maximum hydraulic gradi-
ent specific to the perimeter. The described situations were considered as being the worst 
situations. 

Figure 15 shows the slope of the Ist in-situ step in conditions of saturated rocks and 
the manifestation of pore water pressure. As can be seen, a large decrease of the safety 
factors was registered (from 1.235 to 1.109), mainly as a result of large thickness aquifer 
layers, sands with very low values of cohesion, and internal friction angles in saturated 
conditions and the manifestation of pore water pressure. 

In Figure 16, the slope of the IInd dump step in conditions of saturated rocks and the 
manifestation of pore water pressure is shown. The safety factor decreased from 1.538 (in 
natural conditions) to 1.199 as a result of the manifestation of pore water pressure and of 
capillary forces which determine the water level in the dump to rise before the level of the 
lake. According to the literature [15,19,48,52], if there is a clay fraction (which was found 
in the studied case: clay, marl, and various mixtures that include these fractions), it serves 
as the explanation for the reduction in stability. In order to ensure a high degree of safety 
for the objectives in the areas of influence, it was necessary to take into account an unfa-
vorable hypothesis and define the water level in the dump higher than the water level in 
the lake respective of the maximum hydraulic gradient specific to the analyzed perimeter 
(I = 0.03). 

Figure 14. Stability analysis for the IVth dump step in conditions of natural moisture of the rocks.



Sustainability 2021, 13, 6919 17 of 27

Figure 13 shows the slope of the Ist in-situ step in conditions of natural moisture of
the rocks. The result of the stability analysis indicated a safety factor for this slope of 1.235,
which means the slope was stable. The stability reserve was still not enough, according
to the recommendations, knowing that, during the restoration of aquifer resources and
flooding of the remaining gap, the negative influence of water will manifest. It can be
noticed that the phreatic aquifer is located in the gravels and boulders layer and, under the
influence of water, may significantly reduce the stability reserve of the slope.

Figure 14 shows the slope of the IVth dump step in conditions of natural moisture of
the rocks. The result of the stability analysis indicated a high safety factor of 1.492, which
means there was an important stability reserve, first of all, due to the fact that there were
no negative influences and also due to its favorable geometrical elements.

• saturated rocks—under the conditions of the aquifer resources restoration, respectively
of the increase of the water level in the dump and of the manifestation of the water
pressure in the pores (Figures 15 and 16);
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Slide software is a software capable of analyzing the stability even in the case of
manifestation of pore water pressure in rocks or in case of submerged slopes and complies
with the calculation algorithm existing in the literature. The piezometric line, in the case
of the in-situ slopes, was defined up to the roof of the aquifer formation (except for the
phreatic aquifer considering that the final level of the lake will coincide with it as the gravel
allows water to drain) and the maximum hydraulic gradient determined for the North
Pesteana mining perimeter (I = 0.03) was considered. The water level in the dump was
defined depending on the water level in the lake and the maximum hydraulic gradient
specific to the perimeter. The described situations were considered as being the worst
situations.

Figure 15 shows the slope of the Ist in-situ step in conditions of saturated rocks and
the manifestation of pore water pressure. As can be seen, a large decrease of the safety
factors was registered (from 1.235 to 1.109), mainly as a result of large thickness aquifer
layers, sands with very low values of cohesion, and internal friction angles in saturated
conditions and the manifestation of pore water pressure.

In Figure 16, the slope of the IInd dump step in conditions of saturated rocks and the
manifestation of pore water pressure is shown. The safety factor decreased from 1.538 (in
natural conditions) to 1.199 as a result of the manifestation of pore water pressure and of
capillary forces which determine the water level in the dump to rise before the level of the
lake. According to the literature [15,19,48,52], if there is a clay fraction (which was found in
the studied case: clay, marl, and various mixtures that include these fractions), it serves as
the explanation for the reduction in stability. In order to ensure a high degree of safety for
the objectives in the areas of influence, it was necessary to take into account an unfavorable
hypothesis and define the water level in the dump higher than the water level in the lake
respective of the maximum hydraulic gradient specific to the analyzed perimeter (I = 0.03).

• submerged slopes—under the conditions of aquifer resources restoration, respectively
of the increase of the water level in the dump, of the manifestation of the water
pressure in the pores, and the hydrostatic pressure on the slopes as a result of their
submersion (Figures 17 and 18).
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Figure 18. Stability analysis for the IVth dump step in the case of submerged slopes.

In Figures 17 and 18, the submerged slopes of the IInd in-situ step and IVth dump step
are shown. In both cases, an important increase of safety factor was observed due to the
positive effect of the hydrostatic pressure manifested on the slopes. The water on the slope
prevents it from sliding. In sands, we can consider the reduction of water in the pores
as a result of the drainage of water through the slopes, which determines the reduction
of the hydrostatic level, respectively of the pressure. The pore water pressure cannot be
manifested as long as the slopes are not covered by water as a result of the drainage process.
The Slide software also calculated the distribution of pore water pressure corresponding to
the analyzed section, distribution shown in Figures 19 and 20, and it was observed that
the pore water pressure decreased towards the base of the slope as a result of the pressure
exerted by the column of water on the slope.

For natural moisture conditions, there is an acceptable stability reserve for all final slopes.
As can be seen, the minimum safety factor resulted in the case of partially submerged

slopes. These are the minimum values possible, as the most unfavorable conditions
(saturated rocks and the manifestation of pore water pressure) were taken into account.
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We found large decreases of the safety factors (in comparison with the natural moisture
conditions) at the IIIrd and IVth in-situ slopes, of 37% and 42%, which are explained by the
existence of large thickness aquifers layers and sands where the values of the resistance
characteristics are small in saturated conditions. In the case of submerged slopes, the safety
factor (Fs higher than 1) indicated a significant stability reserve; therefore, all the final
slopes were stable.

Moreover, there were increases of up to 43% in the safety factors in the case of the
in-situ steps and up to 35% in the case of the inner dump steps, compared with the natural
moisture conditions.

Therefore, to reduce the risk of failure, it is recommended to accelerate the flooding
process, as the water manifests a hydrostatic pressure favorable for the stability reserve.

3.4. Failure Risk Assessments of Final Slopes

Landslides (including both natural landslides/natural slope failure and mining-
induced failure/artificial slope failure) are one of the main geotechnical risks. The risk
associated with slope failure is defined as the product between the failure probability and
the vulnerability of the objects in the area according to the technical state of the slopes.
Therefore, risk can be assessed only after collecting all the necessary input data.

The values of safety factors were used to estimate the probability of failure using
Rosenblueth’s method, but also to estimate the vulnerability of the objects using the
classification of rock massifs/deposits by hazard groups taking into account the technical
state of the in-situ and dump slopes.

At the time of cessation of mining activity in the open-pit, the situation of the remain-
ing gap must be certain. Therefore, the future destination must be known, the stability
conditions of the final slopes must be evaluated taking into account the influence of external
or internal factors, and coverage coefficients of stability are ensured. In the North Pesteana
mining perimeter, there were superficial landslides, some of them affecting the structure of
the technological road. These did not endanger the overall stability of the steps.

The classification by hazard groups of the rock massifs/deposits according to the
nature of the objects in the area of influence and the degree of stability, existing in the
specialized literature, was completed with the natural objects and five categories of vulner-
ability of the objects were established depending on the technical state of the final slopes
(Table 7) [18,54–56].

The columns 1, 2, 3, and 4 represent hazard groups and lines 1, 2, 3, and 4 represent
the value of the objects. The existence of a relationship between the hazard groups and
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the value of the objects was highlighted by marking the cells at the intersection of the lines
with the columns, like a matrix. This intersection can be marked in various other ways.

Table 7. Classification of rock massifs/deposits according to the nature of the objects in the area and establishment of the
vulnerability of the objects [18,54–56].

Objects in the Area/Environmental Characteristics

Technical State

1. Massif/Rock
Deposits with

Significant Volume and
Active Displacement

Due to the Influence of
Some Factors

2. Massif/Rock
Deposits That Can
Enter in Dangerous

Movements Due to the
Cumulative Influence

of Several Factors

3. Massif/Rock
Deposits with

Displacements That
Can Be Limited by

Arrangements or by
Exploitation
Technology

4. Stabilized
Massif/Rock
Deposits, at

Which Landslides
Are Unlikely

1. Housing and social constructions/forests, running
and/or standing waters, high land V = 5 V = 5 V = 4 V = 3

2. Industrial constructions and installations, intensive
communication routes, watercourses/arable areas, wooded
areas, watercourses, productive land

V = 5 V = 5 V = 3 V = 2

3. Communication routes with restricted traffic or restricted
movement of persons/wooded pastures with varying
degrees of consistency, restricted water resources,
low-value land

V = 4 V = 3 V = 2 V = 1

4.Non-built areas with sporadic access of
people/wastelands, unproductive, pastures with bushes V = 3 V = 2 V = 1 V = 1

To define the vulnerability of the objects depending on the technical state of the final
slopes the following categories of vulnerability were established:

• V = 1—very low vulnerability;
• V = 2—reduced vulnerability;
• V = 3—medium vulnerability;
• V = 4—high vulnerability;
• V = 5—very high vulnerability.

In the area of the final in-situ slopes, taking into account the technical state of the
slopes (displacements that can be limited by arrangements or by exploitation technology;
overall, these slopes were included in class 3) and the objects in the area of influence
(agricultural lands, pastures, forests, Jiu river and other streams, domestic or wild animals,
villages, individual households, DN66 national road, DJ674 county road, utility, and
telecommunication networks; overall, these objects were included in class 1), we considered
that the objects presented high vulnerability (V = 4).

In the area of the final dump slopes, based on the same considerations, we considered
that the objects presented medium vulnerability (V = 3) as the objects in the area of influence
consisted of industrial constructions and equipment (overall, these objects were included
in class 2).

Therefore, we can consider an average value of 3.5 for the vulnerability class that
characterized the studied objective (the North Pesteana open-pit) as a whole. For this
assessment, we considered that the areas of influence of the final slopes of the open-pit
were equally sensitive.

By applying Rosenblueth’s method and using the minimum values of safety factors
obtained from the stability analysis, the necessary elements to evaluate the failure probabil-
ity of the slopes were determined (Table 8) and, based on the graph in Figure 2 and on the
value of χ, the failure probability of the slopes for rocks in the natural and saturated state
was established.

Based on the existing models in the literature [38,56,57], the following scale was
established to define the probability of failure (Prf):

• Pr = 1 for Prf < 15 %→ very low probability of failure;
• Pr = 2 for 15 % ≤ Prf < 35 %→ low probability of failure;
• Pr = 3 for 35 % ≤ Prf < 65 %→medium probability of failure;
• Pr = 4 for 65 % ≤ Prf < 85 %→ high probability of failure;
• Pr = 5 for Prf ≥ 85 %→ very high probability of failure.
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Table 8. Determination of failure probability and risk.

Step LS1 LS2 LS3 LS4 LSm σLS KLS χ Prf, % Pr V R

Natural state

Open-
pit

I −0.336 −0.124 0.528 0.582 0.163 0.432 2.657 −0.376 37 3

3.5

10.5
II −0.051 0.185 1.010 1.381 0.631 0.861 1.364 −0.733 24 2 7
III −0.162 −0.043 0.568 0.952 0.329 0.561 1.705 −0.586 27 2 7
IV 0.126 0.168 1.151 1.612 0.764 0.996 1.303 −0.767 23 2 7

Dump

I 0.151 0.371 1.150 1.338 0.753 0.905 1.202 −0.832 19 2 7
II 0.014 0.219 0.784 0.921 0.485 0.615 1.269 −0.788 20 2 7
III 0.179 0.430 1.160 1.461 0.808 0.961 1.191 −0.840 18 2 7
IV −0.022 0.179 0.803 1.111 0.518 0.691 1.335 −0.749 22 2 7

Saturated state

Open-
pit

I −0.352 −0.142 0.154 0.242 −0.025 0.238 −9.709 0.103 52 3

3.5

10.5
II −0.268 −0.105 0.573 0.868 0.267 0.540 2.021 −0.495 31 2 7
III −0.537 −0.439 0.016 0.296 −0.166 0.377 −2.272 0.440 67 4 14
IV −0.457 −0.343 0.198 0.469 −0.033 0.383 −11.508 0.087 51 3 10.5

Dump

I 0.010 0.126 0.855 0.875 0.467 0.615 1.318 −0.759 23 2 7
II −0.241 −0.084 0.434 0.571 0.170 0.381 2.239 −0.447 33 2 7
III −0.221 −0.056 0.564 0.838 0.281 0.518 1.841 −0.543 30 2 7
IV −0.276 −0.129 0.427 0.705 0.182 0.439 2.417 −0.414 35 3 10.5

Using the scale for defining the probability of failure of each step, the corresponding
score was found and the risk of failure of the slopes was determined (based on Equation
(11)), both for natural rocks and for saturated rocks.

The results indicated a higher probability of failure in the case of in-situ slopes (of 23–
37%) than in the case of dump slopes (18–22%). In a saturated state, in all cases, there was a
significant increase in the probability of failure than in the natural state that varied between
31–67% for in-situ steps and between 23–35% for dump steps. Overall, the probability of
failure was low to medium, except for the IIIrd in-situ step which, in a saturated state, had
the highest probability of failure, most likely because of the large thickness of the sandy
layer which presented low-resistance characteristics.

Considering the five vulnerability classes and five probability classes, a risk evaluation
matrix was suggested (Table 9).

Table 9. Risk evaluation matrix.

Probability Classes
Vulnerability Classes

5 4 3 2 1
5 25 20 15 10 5
4 20 16 12 8 4
3 15 12 9 6 3
2 10 8 6 4 2
1 5 4 3 2 1

Based on the risk evaluation matrix, the following scale was established to assess the
failure risk:

• For R = 1→ very low risk of failure;
• For 1 < R ≤ 4→ low risk of failure;
• For 4 < R ≤ 9→medium risk of failure;
• For 9 < R ≤ 15→ high risk of failure;
• For 15 < R < 25→ very high risk of failure;
• For R = 25→ extremely high risk of failure.

In this case, the in-situ slopes were more prone to failure compared with the slopes of
the dump. The high risk of failure estimated for the in-situ steps (Ist, IIIrd and IVth steps)
can be explained by the presence of aquifer layers (gravel and sand) with large thicknesses,
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while for the steps of the dump there was a real risk of failure with the flooding of the lower
steps as the water level in the dump increased gradually before being equaled by the water
level in the lake. Thus, the resistance characteristics worsened, as can be seen for the case
of the IVth dump step, whose geometry was not favorable under these conditions. Overall,
the final risk resulted from the most unfavorable situations. Thus, the results indicated a
high risk of failure of the final slopes of the North Pesteana open-pit.

4. Discussion

Based on the results obtained and on the main three conditions considered (natural
moisture, saturated rocks, submerged slopes) in the stability analysis and the different
stages of flooding, more discussions are required.

The proposed methodology was verified in the case of North Pes, teana open-pit. From
case to case, the flooding duration depends on the volume corresponding to each stage of
flooding and on the volume of water that contributes to the flooding of the remaining gap.

The failure risk assessment is necessary before the slopes encounter external influences
that reduce the stability reserve. The initial stage is common to all cases and involves
the assessment of stability in conditions of natural water drainage. In the final stage, in
the conditions of submerged slopes, they usually have a high stability reserve due to the
hydrostatic pressure manifested on the slope and due to the geometric elements of the
slopes, designed to provide a high degree of safety. Instead, the intermediate stages differ
from case to case, and they can be customized (as the number, as water level, as flood
duration, etc.) These steps are essential, and the proper establishment of these steps ensures
a proper assessment.

The evolution of the safety factor of the final slopes depends directly on the duration
of the flooding process [49]. The flood duration depends on the volume of the remaining
gap and the available water flow from natural or artificial sources, being defined by the
ratio between the two elements: the volume, V, and, respectively, the flow, Q.

Based on the values presented in Table 6, before and after the complete flooding of
the remaining gap, there was an acceptable stability reserve, both for the in-situ and dump
slopes. The most important variations occurred in the intermediate stages, especially in the
case of the partially submerged slope. Additionally, as the water level on a slope increased,
the stability reserve increased. This is why, after the complete flooding of one step, the
safety factor for that slope was no longer of interest, as it could not decrease (the flooding,
in the case of North Pes, teana gap, is caused mostly by deep aquifer resources, which are
not influenced by normal climatic and meteorological fluctuations, including excessive
rainfall or droughts such as those recorded so far). Therefore, each time, we analyzed the
upper slope to be flooded.

As can be seen, the safety factor was higher when a slope was completely submerged
than in the case of the same slope, but partially submerged; this was a result of the
manifestation of hydrostatic pressure on the surface of the slope, which acts as a support
prism. Analyzing carefully, it can be observed that every time the water level rose on
the surface of a slope, the safety factor encountered a significant decrease, followed by a
significant increase—the same results were recently observed, according to [49].

The minimum values were also represented and it can be seen that the risk of failure
occurred, generally, in the case of the partially submerged slope as a result of the restoration
of aquifer resources, of the increase of hydrostatic level in the massif/dump due to the
action of capillary forces, and of the manifestation of pore water pressure.

Even if the assessment was made for the case of the North Pesteana open-pit, the
situation of other remaining gaps is similar to this one. From case to case, the nature of
in-situ and waste rocks, the configuration of the remaining gaps, and the sources and
quantity of water available for flooding differ. The failure risk tends to be higher in the
case of partially submerged slopes and lower in the case of submerged slopes. Therefore,
as the flooding duration is an important key in the flooding process and in reducing the
failure risk, it is recommended to find the optimal flooding solutions.
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In the case that a significant risk is estimated, to reduce it, to control and prevent
the hazard, it is recommended to apply the appropriate solutions and measures. Some of
the solutions and measures that are efficient from the technical and economical point of
view are: redesigning the geometric elements of the slope (reshaping, removing material
from the area driving the landslide, adding material to the area maintaining stability,
leveling, compacting, vegetation), water drainage works (surface drains, trench drains,
dewatering boreholes with pumping or self-draining, drainage tunnels, galleries, etc.),
retaining structures (retaining walls, passive piles, reinforced earth retaining structures,
retention nets for rock slope faces, rock trap ditches, benches, fences, etc.), and internal slope
reinforcement (rock bolts, micro piles, soil nailing, anchors, grouting, stone or lime/cement
columns, cementing non-cohesive rocks, etc.) [58].

In addition to the slope stabilization works, for the faster raising of the water level in
the remaining gap, works to accelerate the flooding process are required. Acceleration of the
flooding process can be performed by water adductions from water bodies or watercourses
located nearby.

To reduce the risk of occurrence of other geotechnical phenomena, such as suffosis
and liquefaction phenomena, the acceleration of the flooding process can be performed
concomitantly with dewatering works to control the water inflow from the aquifer for-
mations (to reduce the hydrodynamic pressure and the risk of suffosis; hydrodynamic
suffosis occurs when the filtration speed of groundwater exceeds the critical speed and
the fine particles of sandy rocks are driven by water under the action of hydrodynamic
pressure) and to control the water level, especially in the inner dump (in order to reduce
the manifestation of the pore water pressure and the liquefaction of loose sandy rocks).

5. Conclusions

Flooding the remaining gaps of former open-pits is an efficient method to recover
degraded mining lands. This method is increasingly frequently used worldwide. It has
several benefits, both from an ecological and economical point of view, such as restoration
of aquifer resources and local ecosystems, occurrence of a new ecosystem (an aquatic one),
new possibilities of land reuse (recreational and leisure activities, swimming and other
water sports, fishing, fish farming for economic development of the region), possibilities of
using it as a retention basin for protection against the floods, use of lake water for irrigation
during longer periods of drought, etc.

The study aimed to present a methodology for assessing the failure risks that may
occur in flooding the remaining gaps of former open-pits. The logical scheme, which
describes the four steps of the methodology, is a simple one and allows for the imposition
of new conditions, to ensure proper evaluation, from one case to another.

This methodology was applied and verified for the case of the remaining gap of the
North Pesteana open-pit, which will cease its activity in the following years (maximum
7 years), being necessary to establish the conditions of recovery, ecological restoration,
and reuse. Following the evaluation of the flooding opportunity, it was found that it pre-
sented favorable natural flooding conditions. Stability analyses and risk assessment were
performed for different situations, taking into account both present conditions (natural
drainage of aquifers) and future conditions (restoration of aquifer resources, the manifes-
tation of water pressure in the pores, rising water levels in the lake, and manifestation of
hydrostatic pressure on the final slopes of the open-pit). In this case, the in-situ slopes
were more prone to failure than the dump’s slopes. This situation can be explained by the
presence of in-situ aquifer layers (gravel and sand) with large thicknesses. In the case of
the inner dump, a real risk of failure was found for the upper step. Its geometry is not
favorable under the conditions of flooding of the lower steps as the water level in the dump
increases, determining the worsening of geotechnical characteristics of the dumped rocks.

As a result of the assessment of the failure risk, it was confirmed that it increased with
the increase of the water level in the rocks and the dump (as a result of capillary forces); it
was also found that partially submerged slopes were the most prone to failure. Additionally,
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the risk of failure was higher in the last stages (just for the partially submerged slopes),
where the volume to be flooded is higher as the water level in the lake rises more slowly.
Therefore, the water in the rocks (in the capillary and subcapillary pores) tends to rise,
thus exceeding the water level in the lake, a situation that involves the worsening of the
geotechnical characteristics of the rocks and the reduction of the stability reserve.

The flooding process of the remaining gaps has important advantages in the final stage
due to the hydrostatic pressure acting on the surface of final slopes, like a support prism,
increasing their stability reserve. In the initial stage, when natural moisture is considered,
the risk of failure varies from one case to another, as the site’s characteristics (nature of
rocks, geotechnical characteristics of the rock, geometrical elements of the slopes, etc.) also
vary. When failure risk exists from the initial stage, several measures and solutions must
be established and implemented before the flooding process begins.

As a result (possibly generally valid) of this study, we can state that the risk of failure
is higher during the intermediate stages when the slopes are partially submerged.

The importance of the proposed methodology consists of knowing the risks of failure
of the final slopes of an open-pit before starting the ecological restoration of the land,
the main goal being the increase of the safety degree for humans and objects in areas
of influence.
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