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Introduction
Background

The slope angle and height of dumps are very critical to mine economics because of 
shortage of horizontal space available for dumping and stability concerns. Increas-
ing rate of mine activities in Enyigba has led to large dump accumulations formed in 
and around the mining areas. Mandal and Sengupta [40] noted that the internal mine 
dumps are often located close to active haul roads of the mine (Fig. 1a) and failure of 
these dumps may result in heavy loss of life and property. The failure of slopes can hap-
pen in either sudden or slow modes. The sudden failures which could be dangerous to 
humans and the environment usually follow extreme events such as large precipitations, 
earthquakes or volcanic activity. Research on management of mine waste dumps have 
increased since it has been established that the waste do play significant role in mine 
functioning and mining economics [63].
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The slope geometry and the geo-mechanical strength of dump materials mostly con-
trol the stability of the dump [7, 19, 42]. Das [18] and McCurthy and David [41] asserted 
various factors responsible for failure of dump slopes such as geology and hydrogeology 
of the dumping area, gravitational force, seepage of water from dump to slope, lowering 
of water adjacent to a slope, changes of stress and erosion of dump (removal of lateral 
support) caused by flowing water. Other factors such as dump slope angle (slope inclina-
tion), natures of the dump materials (material properties), degree of compaction, dump 
height and changes in cohesion of interface materials have also been pointed by other 
workers [34, 48, 57].

A good understanding these factors that influence slope instability or reduction in 
shear strength of slope materials provides vital information for mine design and safe 
mining operations. Abramson et  al. [1] noted that the role of the mentioned factors 
of slope failure can be summarized into two processes: increased shear stresses (trig-
gered by removal of support, overloading, earthquakes, decrease in lateral pressure) or 

Fig. 1  Indiscriminate tailing dumps at the mines. a Dumps close to haul roads, b dumps with high slope 
angles
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decreased shear strength of the soil (as a result of stratification, hydration of minerals 
and pore pressure due to rainfall event or melting snow).

The mechanical properties of the slope mixture have great significance for determin-
ing the operating cost and reducing the footprint of surface mines [10]. The most impor-
tant mechanical property of a material is shear strength which sequentially depend on 
parameters such as cohesion (c) and internal friction angle (ø). Knowledge about these 
two shear strength parameters is necessary for optimizing the benches on dumps [68]. 
The shear strength of a material at a point on a particular plane was expressed by Cou-
lomb as a linear function of the normal stress on that plane expressed by the equation:

where τ is the shear strength, σ is normal stress, φ is angle of internal friction and c is the 
cohesive strength of the material [67].

The cohesion and friction angle of slope materials are influenced by the particle size 
distribution characteristics and other conditions, especially the water content [67]. 
The mine dumps of Enyigba are made up primarily of soil–rock aggregate. The forma-
tion history of rock–soil aggregate is very complicated, and the material composition 
of rock–soil aggregate is also complex. The extremely irregular structure distribution of 
rock–soil and other characteristics add to the complexity [50, 55, 66]. Ultimately, expe-
rience with the behavior of slopes, and often with their failure, has led to development 
of improved understanding of the changes in soil properties that can occur over time, 
recognition of the requirements and limitations of laboratory and in situ testing, and lots 
more.

In the assessment of slopes, the factor of safety values still remain the key index for 
determining how close or how far slopes are from failure [13, 37, 44]. Factor of safety 
(FS) is expressed as the ratio of soil shear stress to soil shear strength imposed along a 
slip surface. A factor of safety of unity theoretically means that the failure mass is on the 
verge of sliding [22]. Previous researchers focused on the properties of the dump mate-
rials to ascertain the stability of the tailings. However, this paper focuses mainly on the 
effect of slope geometry and mechanical properties of slope materials on the stability 
of Enyigba tailings. The authors hope to apply stability analysis in evaluating the waste 
dump stability so as to suggest economical, sustainable and safe disposal of the mine 
tailings.

Study area
The study area is situates south of Abakaliki town, Ebonyi state of Nigeria. It lies within 
longitudes 006°05′N and 006°15′N and 008°05′E and 008°10′E (Fig.  2). It is accessed 
through major federal highway: Abakaliki-Afikpo road and minor roads (local road net-
works within the area). The mine is about 14.2  km from Abakaliki, the capital city of 
Ebonyi State, which lies within the Guinea Savannah region of South-eastern Nigeria [8]. 
The area has a humid tropical climate, with the vegetation characterized by grasses and 
parkland trees of various sizes. The area experiences a rainfall of more than 1200 mm 
yearly (Fig. 3). The mean annual temperature stands at 28 °C [51]. The area experiences 
8 months of rainy season and 4 months of dryness within the year. The area is drained 
by a major river known as Ebonyi River and its tributaries (Iyiudene and Iyiokwu). Both 

(1)τ = c+ tan (ϕ)
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tributaries are perennial and usually overflow their banks at the peak of the rainy season. 
The drainage system of the area is dendritic pattern (Fig. 2), which is mostly controlled 
by the geology of the area (Fig. 4).

The study area is underlain predominantly by shale of low erodibility potentials but 
the topography is generally undulating, with no area exceeding 400  ft above-sea-level 
(Fig. 5). The area is part of the “Abakaliki anticlinorium” (Fig. 6), and it is underlain by 
the Abakalikishales of the Asu River Group (Albian-Cretaceous sediments), which falls 
under the lower Benue Trough. Simpson [59] described the Asu River Group as con-
sisting largely of olive brown sandy shales, fine-grained micaceous sandstone and mud-
stone. The formation is overlain unconformably by the Eze-Aku Shale of Turonian Age. 

Fig. 2  Location and accessibility map of the mine

Fig. 3  Rainfall chart of the area
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The Lithostratigraphic succession of the area include: Albian–Cenomanian–Turonian–
Conaician–Santonian–Campanian–Maastrichtian (Table  1). Rocks within the study 
area are extensively fractured, folded, jointed and faulted (Fig.  4), particularly follow-
ing the series of tectonic episodes which have acted on them from the Santonian times 
[6]. Obiora and Charan [52] reported that the highly indurated shales of the Asu River 
Group have undergone low grade metamorphism, which is the reason for its usage as 
construction material. However, the mine area consists of expansive clay and shale that 
are fine-grained and dark-grey in colour. And like the rocks of the region, the shale is fis-
sile, highly folded, fractured and faulted, and primarily makes up the mine tailings.

Methodology
Field mapping and laboratory analyses of samples were the stages adopted in the course 
of this research. Field mapping involved reconnaissance survey and detailed field inves-
tigations. The field mapping was undertaken to carefully observe the visible features on 
the tailings, generate coordinates of the area for map productions, measure geometry 
of the dump slopes and to collect samples for laboratory analyses. Fifty-two slopes were 
studied, and seven samples were collected randomly. The samples were labeled AM 1, 
AM2, EN3, EN10, EN14, EN15 and EN16 (Figs. 4, 5).

Samples were analyzed in the laboratory to determine the geo-mechanical proper-
ties of the slope materials. Properties such as natural moisture content, permeability, 
Atterberg limits, specific gravity, compaction and shear strength of the materials were 

Fig. 4  Geologic map of the study area. a Geologic features, b cross section
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Fig. 5  Site elevation map

Fig. 6  Tectonic map of southern Nigeria
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evaluated. The laboratory tests were carried out according to relevant American Soci-
ety for Testing and Materials (ASTM) standard of soil testing. Coordinates of the study 
area were used to develop digital elevation model of the area (Fig. 5). Slope/WGeostudio 
2012 software was used to produce a modeled diagram of slope morphology for fail-
ure prediction (in terms of factor of safety) on the slopes. The analysis type used was 
the Morgenstern-Price limit equilibrium method. Parameters from the geotechnical test 
used for the analyses were slope geometry, unit weight, cohesion and internal friction 
angle. SPSS software was used to run the statistical analysis.

Results and discussion
Tailing geotechnical properties

The samples presented a wide range of heterogeneity in their geo-mechanical properties. 
The particle size distribution result revealed that the content of gravel, sand and fines in 
the tailing dump units are 0–40.2, 10.7–47.8 and 34.9–80.7% respectively (Table 2). This 
result indicated a high percentage of fines, which could suggest clay dominated material, 
and thereby signifying cohesive slope materials. Although Mugagga et al. [47] reported 
that material with clay content greater than 20% exhibited expansion abilities, Baynes 
[4] suggested that 10% clay content should been used as an indicator for soil expan-
sion potential. Therefore with average clay content of 55.95%, the studied samples could 
imply medium to high expansive potential. High clay content have been noted to have 
impact on slope failure by many researchers such as Knapen et al. [36], Yang et al. [65], 
Kitutu et al. [35] and Wati et al. [64].

The result of Atterberg limits and moisture content tests are shown in Table  2. The 
materials’ natural moisture content ranged from 3 to 13%, signifying low to medium 
water content in the soil. The liquid limit (LL) ranged from 24 to 59% and the plastic 
limit (PL) ranged from 24 to 35%, while PI ranges between 9 and 26%. These consistency 
limit values suggested that the soils possess low to medium plasticity, which agrees with 
the soil low to moderate moisture content. Thus the soils can be classified as ML or CH 
according to the Unified Soil Classification System (USCS) as seen in Fig. 7.

Much emphasis have been made by many authors on the role of LL in characterizing 
the problematic soils [4, 21, 45]. The LL of the materials at the mine is absolutely higher 
than the threshold of 25% recommended for stable soil in tropical Africa. Consequently, 

Table 1  Stratigraphy of the Anambra basin

Age Stratigraphic unit

Eocene Ameki Group (including Nanka Sands, Nsugbe Formation)

Palaeocene Imo Shale

Maestrichtian Nsukka Formation, Ajali Sandstone, Mamu Formation

Campanian Nkporo Group (including Nkporo Shale, Oweli Sandstone, 
Enugu Shale, Afikpo Sandstone, Otobi Sandstone)

Santonian NON-DEPOSITION

Coniacian Awgu Group (including Awgu Shale, Agbani Sandstone)

Turonian Ezeaku Formation (including, Amaseri Sandstone)

Cenomanian Odukpani Formation

Albian Asu River Group

Precambrian Basement Complex
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the high LL coupled with high clay content might certify the soils as problematic soils 
that could be susceptible to landslides [47].

The tailing dump materials have average value of PI to be 17%. The average values of 
PI and LL of the studied materials might be suggestive of low to moderate expansion 
potential of the clay, thereby agreeing to the tailing dumps vulnerability to landslides 
[47]. This swelling ability could signify the presence of swelling clay minerals.

The determined permeability coefficient (k) of the slope materials ranged from 
1.49 × 10−4 to 9.04 × 10−8cm/s (Table 2). These values of k are considered to be low and 
in the range of fine grained materials, which agrees with the particle size distribution 
result. This low value of k suggests on the water holding ability of the soil. Excess pore 
pressure can build up on such materials on moisture influx due to the low permeability, 
thus reducing the strength of materials, and consequently leads to slope failure. Due to 
the reduction of shear resistance, sliding have been found to be prevalent in plastic inor-
ganic soils during rainfall events [17, 47]. Therefore, these plastic inorganic clays could 
be susceptible to sliding even under moderate rainfall events due to reduction of shear 
resistance.

The bulk density (γb) of the slope samples ranged between 1.79 and 2.21  Mg/m3 
(Table 2). These values of (γb) fall within range of swelling clays as suggested by Seedman 
[54] and Hong et al. [25], who observed that osmotic swelling occurs in clays with bulk 
density less than 2.45 Mg/m3. This could be the effect of high activity within the clay due 
to high water absorption into the clay by smectite minerals, thereby increasing the natu-
ral moisture content of the soil.

Figure 8 shows compaction curves of the samples. The compaction result showed that 
the soil optimum moisture content (OMC) ranged between 13.45 and 17.05%, while the 
maximum dry density (MDD) ranged from 1.86 to 2.22 g/cm3 (Table 2). These values are 
suggestive of slope material with average OMC and moderate MDD. The curves repre-
sent that of low to medium plastic clays described by Maduka et al. [39], thus assenting 
with the consistency limits. Arora [3] noted that heavy clays of very high plasticity have 
very low–moderate dry density and high optimum water content, which is consistent 

Fig. 7  Samples plasticity chart
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with the view that high OMC and low–moderate MDD is suggestive of moderate 
materials.

The soil specific gravity (Gs) is presented in Table 2. The values ranged from 2.58 to 
2.70. These Gs values are in agreement with the report of Tuncer and Lohnes [62], who 
noted that the specific gravity of clayey and silty soils varies from 2.60 to 2.90. Therefore, 
with average value of 2.63, the Gs are indicative of high clay content materials. However, 
Reidenouer [53] reported that materials of Gs below 2.65 usually deteriorate at engineer-
ing sites, mainly on moisture influx due to weakness and non-durability.

The shear test is one of the key proofs in verifying the strength of a material since it 
generates the shear strength parameters (cohesion and angle of internal friction). It has 
been noted by Gupta and Paul [23] that slope geometry and the strength of materials 
on it ultimately determines the stability of a slope. Table 2 shows that the range of the 
angle of internal resistance and cohesion of the slope materials are 8°–37° and 13–34kN/
m2 respectively. Some of the Mohr envelopes of the samples are shown in Fig. 9. These 
values implied low to moderate values of cohesion and low values of internal friction 
angle. The low shear strength parameter values could be the consequence of presence of 
expansive minerals [38, 39].

The strength of a soil has been observed to drop whenever permeability inhibits drain-
age from the material voids owing to upsurge in hydrostatic pore pressure within the 

Fig. 8  Compaction curves of the samples

Fig. 9  Shear strength parameters of the tailings
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soil [9]. Therefore, water infiltration could induce failure by weakening slopes via reduc-
tion in suction and strength [16, 26, 29]. This strength reduction only become notice-
able when the mobilized forces become lesser than the shear forces, and steep slopes are 
mainly affected on account of increasing shear stress against reducing shear strength, 
thereby causing a significant fall in the slope factor of safety [28, 47, 64, 65]. This reduc-
tion in shear strength is capable of triggering a landslide in a tailing dump slope along 
the weak planes [5].

Relationship between dump slope geotechnical parameters

A statistical method known as Pearson’s correlation matrix was used to determine the 
relationship between the slope material’s geotechnical properties (Table  3). From the 
correlation table, it can be observed that there is a strong positive correlation between 
LL and PI (0.963), and this could be as a result of their strong relationship with fines 
(clay and silt size materials) and soil plasticity [49, 56, 61]. A confirmed relationship has 
been noted to exist between high plasticity and fine-grained inorganic clay and silts [33]. 
Plasticity index and liquid limit have been reported to be influenced by clay content [38]. 
These soil properties have also been observed to have strong impact on slope stability 
and landslide incidences [20, 35, 36, 47, 64, 65].

Liquid limit (LL) and plasticity index (PI) are noted in Table 3 to correlate positively 
(0.863 and 0.963 respectively) with cohesion (c) but recorded negative correlations 
(− 0.973 and − 0.968 respectively) with angle of internal friction (ø), though c and ɸ are 
both shear strength parameters. This disparity in relationship of LL and PI with c and 
ɸ could be associated to the connection of c and ø with fines and sand size particles 
respectively. The connection of c and ø to different sources such as fines and sand parti-
cles can be observed in their strong negative (− 0.792) correlation (Table 3).

However, increase in both strength parameters have been reported to increase the sta-
bility of slopes [15, 48]. Cohesion is seen to have moderate positive correlations (0.538 
and 0.575) with maximum dry density and Optimum moisture content (OMC) respec-
tively and a strong correlation (0.718) with bulk density (Table 3). These moderate posi-
tive relationships between c and MDD, OMC and ϒb could be suggestive of the amount 
of clay content in material. Loose broken materials usually have low shear strength but 
its strength increases with time as it becomes more and more compact [34].

Table 3  Pearson correlation matrix of the soil parameters

Significant values are in italics

* Correlation is significant at the 0.05 level (2-tailed)

Properties NMC LL C ɸ MDD OMC PI ϒb GS

MC 1

LL − 0.068 1

C 0.113 0.863* 1

ɸ 0.146 − 0.973* − 0.792* 1

MDD 0.185 0.424 0.538* − 0.491 1

OMC 0.844* 0.314 0.575* − 0.249 0.475 1

PI − 0.197 0.963* 0.865* − 0.968* 0.409 0.261 1

ϒb 0.019 0.386 0.718* − 0.252 0.416 0.361 0.372 1

GS − 0.439 0.056 0.307 0.075 − 0.186 − 0.235 0.115 0.721* 1
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The very strong positive (0.844) relationship between natural moisture content (NMC) 
and OMC could be partly due to their connection with clay content and partly due to 
closeness in amount (3–13% and 13–17%) in the slope material. In general, water con-
tent has been reported to influence the stability of slopes [20].

The strong relationship (0.721) between specific gravity (Gs) which is the weighted 
average of soil minerals (excluding air and water) and bulk density could be pointing to 
the type of material that made up the slopes, whether they are competent materials or 
incompetent materials that deteriorate on moisture influx [2]. Generally, the soil proper-
ties linked with slope failure were observed to range between low to moderate in slope 
material (see Table 2), which could be the reason for the moderate stability recorded by 
the analyzed slopes (see FS results in Table 4 and Fig. 10).

Dump slope physical attribute

Slope geometry and other measurements were taken on fifty slopes in the study area. 
Most slopes were observed to be concave in curvature (Fig. 1), and from the field meas-
urements, slope angles of the individual slopes ranged from 30° to 60° (Table 5). Most 
landslide events have normally been reported to occur on concave slopes with slope 
angle ranging between 36° and 58° [27, 28, 46, 47].

A spatial correlation between landslide occurrence and topographical concavity has 
been noted by Mugagga [46]. Igwe [27] also reported that positive correlation exist 
between frequency of landslide and slope angle, but however noted that landslides occur 
more on slopes with angles greater than 30° but less than 40°. Thus slope geometry could 
be one of the causes of the shallow sliding on the slope surfaces shown in Fig. 1b, since 
it presents moderate to high slope angles (35°–45°). The dump slope geometry (height, 
width and angle) recorded in Table 5 were analyzed using a statistical method known as 
principal component analysis (PCA) to decipher which geometric components would 
have more influence on the stability of the dump slopes [11, 12, 24]. The method is com-
monly used in the field of geosciences [14, 24].

Tables 6, 7, 8 shows the results of the principal component analysis (PCA) and Pear-
son correlation matrix. Table 6 shows the loading of variables on each component and 
percentage of data variance in the data set. The three components shown in the table 
account for 100% of the total variance in the data set with each of component 1, 2 and 
3 having percentage variance of 48.7, 34.9 and 16.3% respectively. However, only two 
components were extracted as principal component (PC) for considerations (Using their 
high eigenvalues of 1.047 and 1.461), which accounted for 83.6% of the total data vari-
ance (Table 6).

Table 4  Stability analysis result

Location Slope description Fs Remark

Ameri Old dump 1.30 Fairly stable

Ameri New dump 1.00 Critically stable

Enyigba Old dump 1.30 Fairly stable

Enyigba Old dump 1.15 Poorly stable

Enyigba Old dump 1.24 Fairly stable
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PCs with score loadings at 0.5 and above were considered significant controlling pro-
cesses. The 1st components that could have significant influence on the stability of the 
studied slopes are height and width of the slope with component matrix of 0.875 and 
0.712, while the slope angles could have a secondary influence on the slopes with a 
matrix of 0.850 (Table 7).

The PCA results agree with the Pearson’s correlation result where there is a moder-
ate relationship (0.401) between slope height and width (Table 8). Result from princi-
pal component analysis suggested that combination of height and width (dimensions) 
as factors of slope failure are more significant on the stability of slopes in Enyigba mine 

Fig. 10  Slope stability model of a tailing dump
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Table 5  Dump slope locations and their geometry

Long. (E) Lat. (N) Height (m) Width (m) Slope angle (°) Elevation (m)

ENYIGBA

 008°08′20.6″ 06°11′38.3″ 7 15 30 70

 008°08′21.6″ 06°11′38.9″ 6.5 20 45 60

 008°08′22.6″ 06°11′38.5″ 6 18 40 64

 008°08′22.2″ 06°11′38.6″ 5 15 40 63

 008°08′20.4″ 06°11′37.9″ 4 9 30 65

 008°08′22.4″ 06°11′37.1″ 15 5 45 68

 008°08′22.2″ 06°11′37.6″ 4 8 30 63

 008°08′22.6″ 06°11′37.5″ 3.5 7 37 67

 008°08′23.4″ 06°11′37.2″ 5 6 40 67

 008°08′23.6″ 06°11′36.5″ 3 7 40 66

 008°08′23.1″ 06°11′36.5″ 7.5 12 40 61

 008°08′22.7″ 06°11′36.4″ 7 7 35 57

 008°08′22.6″ 06°11′36.5″ 8 7 40 57

 008°08′18.0″ 06°11′43.0″ 7 3.5 40 65

 008°08′18.2″ 06°11′42.5″ 7 4 40 63

 008°08′23.3″ 06°11′31.0″ 4 4 30 62

 008°08′23.2″ 06°11′31.1″ 4 3 30 62

 008°08′22.2″ 06°11′29.4″ 6 10 44 61

 008°08′22.6″ 06°11′20.1″ 8 10 40 50

 008°08′23.4″ 06°11′21.4″ 6 7 40 54

 008°08′23.3″ 06°11′21.7″ 8 15 50 55

 008°08′23.9″ 06°11′23.0″ 10 13 38 46

 008°08′24.2″ 06°11′23.2″ 10 7 38 45

 008°08′24.1″ 06°11′23.9″ 8 10 34 49

 008°08′25.1″ 06°11′23.1″ 11 10 48 49

 008°08′24.6″ 06°11′21.9″ 10 6 42 50

 008°08′24.8″ 06°11′21.0″ 10 7 40 49

 008°08′25.5″ 06°11′19.9″ 8 5 46 51

 008°08′25.4″ 06°11′19.1″ 4 6 40 50

 008°08′25.5″ 06°11′19.5″ 2 3 41 50

 008°08′31.5″ 06°11′03.7″ 6 5 34 55

 008°08′31.3″ 06°11′03.9″ 10 8 40 55

 008°08′31.1″ 06°11′04.3″ 11 7 60 55

 008°08′31.0″ 06°11′04.7″ 13 7 36 55

 008°08′31.1″ 06°11′05.0″ 12 15 38 56

 008°08′30.6″ 06°11′03.1″ 15 20 42 56

 008°08′31.2″ 06°11′02.0″ 10 8 42 58

 008°08′32.4″ 06°11′02.4″ 4.5 6 40 53

 008°08′33.5″ 06°11′02.7″ 10 12 38 55

 008°08′33.0″ 06°11′02.6″ 10 7 38 54

 008°08′32.5″ 06°11′02.9″ 8 7 38 51

 008°08′32.1″ 06°11′03.2″ 8 6 52 50

 008°08′32.5″ 06°11′03.5″ 6 2 45 49

 008°08′32.6″ 06°11′03.5″ 6 2 45 48

 008°08′32.6″ 06°11′03.6″ 6 2 45 51

 008°08′33.2″ 06°11′03.8″ 7 4 45 47

 008°08′31.4″ 06°11′06.4″ 3.5 5 40 50
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dumps than slope angles (inclinations), and therefore implies that slope height and width 
could be key determinants of slope failure in the area. Also, results of the PCA and Pear-
son’s correlation signifies that there could be many factors that causes slope instability 
or decrease in shear strength of slope materials [43], but some factors could be more 
prominent depending on the area [27].

Stability analysis of the dumps

Limit equilibrium method (LEM) of numerical analysis was used to carry out a slope 
stability analysis on one of the tailing dump slopes. Currently, LEM is the conventional 
stability approach in numerical stability analysis according to Cheng and Lau [13]. The 
Morgenstern-Price limit equilibrium method was adopted in the present study due to its 

Table 5  continued

Long. (E) Lat. (N) Height (m) Width (m) Slope angle (°) Elevation (m)

 008°08′31.7″ 06°11′07.1″ 6 8 42 51

 008°08′31.9″ 06°11′07.9″ 8 6 45 48

 008°08′32.6″ 06°11′08.3″ 10 7 45 49

AMERI

 006°09′45.7″ 06°08′01.1″ 15 25 38 105

 006 °09′40.7″ 06°08′03.1″ 8.2 6.1 40 102

Table 6  Principal component variable loading

Significant values are in italics

Component Initial eigenvalues Extraction sums of squared loadings

Total % of variance Cumulative % Total % of variance Cumulative %

1 1.461 48.699 48.699 1.461 48.699 48.699

2 1.047 34.912 83.611 1.047 34.912 83.611

3 0.492 16.389 100.000

Table 7  Principal components affecting the dump slopes

Significant values are in italics

Properties Components

1 2

Height (m) 0.875 0.041

Width (m) 0.712 − 0.569

Slope angle 0.435 0.850

Table 8  Slope geometry correlation matrix

** Correlation is significant at the 0.01 level (2-tailed)

Geometry Height (m) Width (m) Slope angle (°)

Height (m) 1

Width (m) 0.401** 1

Slope angle 0.271 − 0.051 1
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vital advantage over other methods such as the Bishops, Spencer and Ordinary methods. 
The very important conditions that must be satisfied in this method are that equilibrium 
must be attained in terms of total stresses, and all forces acting on the dump must be 
included in the analysis. Finally, a factor of safety (FS) for the slope will be computed. 
The FS is the ratio of the shear strength of the soil against the shear stress required for 
equilibrium.

The FS generated for slope EN14 was 1.12, implying marginally stable slope (Fig. 10). 
The FS of some of the other slopes in Enyigba mine dumps are shown in Table 4. The 
FS recorded at the site ranges from 1.00 to 1.30, implying critical stability to marginally 
stable slopes (Table 4). To enable the plot of a safety map for the studied slope, several 
trial slip surfaces were analyzed at the time. Two hundred trial slip surfaces were evalu-
ated (Fig. 10c), and FS generated was between 1.12 and 1.79. The safety map generated is 
shown in Fig. 10d, and has the color band covering FS between 1.12 and 1.37. The map 
showed the zones of which FS are similar. The most critical slip surfaces (lowest factors 
of safety) lie within the red band, which is the area of interest, and on which safety of a 
slope is considered. The areas under the red band cover the range of FS between 1.12 
and 1.17 (Fig.  10d). These are the range of FS at which a possible slope failure could 
occur. Outside these zones (red bands), slope failure may likely not occur.

However, the computed FS of 1.12 in Fig. 10a was computed at the middle of the dry 
season, with little or no water in the tailing slope. From field observations, however, it 
was evident that the area was waterlogged (flooded) during the rainy season (Fig. 11). 
The FS dropped from 1.12 to 1.08 as soon as the likely effect of groundwater within the 
dump slope was incorporated into the analysis (Fig. 10e). Then, the FS decreased further 
down to 1.00 with the consideration of impact of flooding (Fig. 10f ). Consequently, the 
FS diminished from slightly stable to critical stability.

With water in and around the tailing slope, activating forces could be greater than the 
resisting forces through increase in pore pressure. Figure  12 revealed that pore pres-
sure acting on the base of the analyzed could be as low as between 0 and 20 kPa during 
the dry period (Fig. 12a) but could rise to 60–80 kPa during the rainy season as seen in 
Fig. 12b. This rise in pore pressure may cause a decrease in shear strength, and possibly 
triggering a slope failure if it persists.

The drop in FS may continue as water surges within and around the slopes until failure 
is initiated at FS < 1.0. At FS < 1, a mass wasting process such as landslide or mudflow 

Fig. 11  Evidences of Smectite minerals. a Flooding, b soil plasticity
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might be imminent since the activating forces would be greater than resisting forces. It 
is noteworthy to say that the volume of the sliding materials in landslide episodes could 
be increased with water in and around the slopes. This assertion was evident from the 
numerical analysis were the sliding mass increased from 67.97 to 71.51  m3 as water 
increased within the tailing slope as seen in Fig. 10b, f. This observation is inconsistent 
with the findings of Maduka et al. [38].

Slope height and angle optimization
It is not in the best interest of slope management to go for flatter waste dump deposits 
all the time because of shortage of horizontal space available for dumping (which is usu-
ally the constraint in dump slope design) and cost of evacuating to other storage sites. 
Therefore, there is a need to always go for steeper slopes, but with a limit through the 
option of slope optimization.

The best and appropriate optimization of tailing dump slope requires a slope to be at 
optimal height and angle at the same time, with a view to creating space for more waste 
dumps accommodation, without compromising the stability and safety of such slopes. 
This apparently is one of the main challenges of tailing dumps management and slope 
stability. However, the risk of slope instability can be considerably reduced if a good cor-
relation can be made between shear strength parameters, slope height and angle and 
groundwater [60]. For such correlation to be made with a view of optimizing the slope 
profiles, it is advisable to use the proposed dump slope material parameters in carrying 
out several models with modifications on the slope geometry while keeping groundwa-
ter conditions unaltered. Thus, the slope materials and slope groundwater conditions as 
well as either of slope height or slope angle remains unaltered while the other is varied. 
The factors of safety for all prevailing scenarios of the dump slope should be determined 
as shown in Tables 9, 10, 11, 12, 13.

Tables 9 and 10 are results of the effect of height and angle variations on FS of an aver-
age strength dump slope. The results of the effects of slope height and angle were plot-
ted in the same plot area as shown in Fig. 13. From Fig. 13; FS is 3.4 at 5 m slope height 
which signifies a very stable slope. But same slope at 25  m high and above presented 
FS (ranging from 0.94 to 0.82) lower than 1, implying very unstable or failed slope. The 
critical stability was observed at 20 m with FS (1.12) marginally greater than 1 (Fig. 13). 
Other authors have observed that FS reduced logarithmically with respect to increase 

Fig. 12  Slope pore pressure model. a Dry season, b rainy season
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in dump height [34, 48]. The case of slope angle presented a similar FS trend as that of 
height (Fig. 13). Slope angle of 30° and below generated a FS greater than 1 (i.e. 1.42–
3.08) while slope angle greater than 40° produced a FS below 1 (i.e. 0.80–0.93). These FS 

Table 9  Consequence of slope height on its factor of safety

Slope height (m) Slope angle (°) C (kN/m2) φ (°) GWD (m) ϒ (KN/m3) FS

5 40 32 14 10 16.65 3.45

10 40 32 14 10 16.65 1.8

15 40 32 14 10 16.65 1.37

20 40 32 14 10 16.65 1.13

25 40 32 14 10 16.65 0.94

30 40 32 14 10 16.65 0.86

35 40 32 14 10 16.65 0.82

Table 10  Effect of slope angle on slope factor of safety

Slope angle (°) Slope height (m) C (kN/m2) φ (°) GWD (m) ϒ (KN/m3) FS

10 35 32 14 10 16.65 3.08

20 35 32 14 10 16.65 2.05

30 35 32 14 10 16.65 1.42

40 35 32 14 10 16.65 0.96

50 35 32 14 10 16.65 0.85

60 35 32 14 10 16.65 0.8

Table 11  Impact of groundwater reduction on slope factor of safety

GWD Slope height (m) Slope angle (°) C (kN/m2) φ (°) ϒ (KN/m3) FS

35 35 40 32 14 16.65 0.64

30 35 40 32 14 16.65 0.73

25 35 40 32 14 16.65 0.81

20 35 40 32 14 16.65 0.89

15 35 40 32 14 16.65 0.93

10 35 40 32 14 16.65 1.01

5 35 40 32 14 16.65 1.1

Table 12  Significance of cohesion on the factor of safety of a waste dump slope

C (kN/m2) φ (°) Slope height (m) Slope angle (°) GWD (m) ϒ (KN/m3) FS

5 14 35 40 10 16.65 0.72

10 14 35 40 10 16.65 0.77

15 14 35 40 10 16.65 0.81

20 14 35 40 10 16.65 0.84

25 14 35 40 10 16.65 0.88

30 14 35 40 10 16.65 0.93

35 14 35 40 10 16.65 0.96

40 14 35 40 10 16.65 1
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results suggest that the analyzed slope would be theoretically stable at slope angle less 
than 30° and unstable at slope angle greater than 35°. It is observable from the graph 
(Fig. 13) that the analyzed slope could be stable at slope angle as high as 38° with FS of 
1.1, though slightly critical. However, the overall results mean that as we go on reducing 
the overall height and slope angle, FS will continue to increase. Although most mining 
companies have operated on dump angle ranging between 37° and 39° [34], the need for 
a balance between slope height and angle (optimization) cannot be over emphasized due 
to incessant dump slope failure recorded over the last few years [34, 48, 57, 58].

For a slope optimization, it would be better to consider both slope geometric prop-
erties simultaneously by correlating their graphs. Looking at the graphs (Fig. 13), it is 
interesting to observe that both graphs intercepted at various points, and these could 
be points of balance of both of their effects on the FS. These points could be harnessed 
in striking a balance between what heights or slope angles are suitable for a dump waste 
design. From Fig. 13, the slope can be noticed to be stable at both points (A and B) of 
interceptions with FS at approximately 1.2 and 2.8 respectively. At point A, slope height 
and angle are 20 m and 35° while at point B, both are 7 m and 11° respectively. Therefore, 
to solve the stability challenge, it would be good to design the dump waste storage fitting 
to point B. But to overcome the space limitations and cost of managing several slope, 
it would be proper to optimize the waste dump design to Point A for maximum stor-
age. This could be the reason why earlier analyzed slope (see Fig. 10) and other slope on 
the studied site are still stable at their various height and angle range (between 18–20 
and 30–40° respectively). In a situation where the predesign model intercepted once, it 
would be proper to design according to the single point of interception.

For slope optimization to be effective, the predesign models must be done using the 
actual strength parameters (cohesion and angle of internal friction) of the proposed 
waste dump material, and not with estimated strength properties. It is possible that any 
dump storage higher than the optimized height and slope angle might be liable to failure. 
Therefore such slope must be supported by special ground preparation before dumping 
and/or any type of stabilization method [48]. However, in as must as optimization of 
slope could guarantee slope stability on a site, the probability of local failure may not be 
totally overcome due to inhomogeneity of materials and extreme mining site activities.

Table 13  Implication of internal friction angle on a slope factor of safety

φ (°) C (kN/m2) Slope height (m) slope angle (°) GWD (m) ϒ (KN/m3) FS

5 32 35 40 10 16.65 0.32

10 32 35 40 10 16.65 0.42

15 32 35 40 10 16.65 0.56

20 32 35 40 10 16.65 0.66

25 32 35 40 10 16.65 0.78

30 32 35 40 10 16.65 0.91

35 32 35 40 10 16.65 1.02

40 32 35 40 10 16.65 1.15
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Effects of material strength and groundwater table on slope stability
The strength of a slope materials and groundwater depth (GWD) could have severe 
implications on the stability of the slope (Tables 11, 12, 13). Figure 14 shows the vari-
ations of FS with respect to groundwater level (depth). As earlier suggested, the mate-
rial properties were kept constant together with the slope geometry (height = 35 m and 
angle = 40°).

The factor of safety was computed to be 1.1 for groundwater depth of 35  m below 
the slope surface and decreased to 0.64 with increase in groundwater to 5 m from the 
slope surface (Fig. 14). This is 41.8% decrease in FS in 85.7% increase in groundwater 
depth, which is to say that the effect of the increase (decrease in FS) is almost half of the 
increase itself (increase in GWD). Therefore, water is playing a significant role in the 
stability of waste dump. This result agrees with the findings of other workers on effect 
of groundwater depth on waste dump stability, who noted that a rise in groundwater 
level of dump slope reduces drastically the slope factor of safety [48]. Figure 14 indicated 
that groundwater should be reduced beyond 25 m (35–10 m) below the slope surface in 
order to reduce the risk of instability.

Combining simultaneously the effects of slope height, slope angle, and groundwater 
level presented just one optimization point (Fig. 15) which is different from the two pre-
sented by the combined effects of slope angle and height only in Fig. 14. The factor of 
safety dropped from 1.2 to 1.0 but the height and slope angle increased from 22 to 26 m 
and 38° to 40° respectively. This implies that the studied slope could be unstable at height 

Fig. 13  Effects of dump slope height and angle on the slope stability

Fig. 14  Effect of groundwater on slope factor of safety
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more than 26 m and angle higher than 40° if the combined effects of the slope geometry 
and groundwater level are considered (Fig. 15).

Cohesion and angle of internal friction are essential material properties in describ-
ing the strength of any soil material, and any variation in their value in same material is 
mostly due to amount of water in material [60]. Several simulations of 40 m high dump 
slopes with different ranges of cohesion and angle of internal friction were numerically 
solved and analyzed to ascertain the role of material strength on factor of safety of slope 
and its stability. On each modeled scenario, different combination of cohesion ranging 
from 5 to 40 kPa and frictional angle ranging from 5° to 40° were alternated. To deter-
mine the effects of change in one of the strength parameters, the other as well as the 
slope profile is kept constant. The factors of safety generated for change in cohesion and 
internal friction angle are shown in Tables 12 and 13 respectively.

Figure 16 illustrates the influence of effective cohesion and internal angle of friction 
(which are the shear strength parameters shown in Eq. 1 on FS. The graphs showed that 
when there is a decrease in either of cohesion and internal friction, there will be a con-
siderable decrease in FS (Fig. 16) and invariably a fall in stability of slope. Therefore, the 
higher the cohesion and internal friction of waste dump materials, the higher factor of 
safety and slope stability [48]. This implies that lower values of both strength properties 

Fig. 15  Combined effect of slope geometry and groundwater level

Fig. 16  Impacts of shear strength parameters on slope factor of safety
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(mostly caused by a reduction) would cause a failure of the slope, and the condition is 
often as a result of external weakening influences such as severe precipitation and mois-
ture influx, ground vibrations caused by induced blasting and seismicity. Therefore, any 
activities that can cause a reduction in either of effective cohesion or internal friction 
angle to zero must be avoided within the perimeter of a waste dump site.

It can also be observed from the two graphs that FS increases in a linear progression 
with increase in either of the shear strength parameters. These linear relationships rein-
forces that dump waste materials obey Mohr–Coulomb principles [60]. However, the 
inclination of the FS is more noticeable with friction angle than cohesion for similar 
ranges of variation of cohesion and internal friction (Fig. 16). All the values of FS that fall 
below 1 (which is the minimum threshold value required to keep a slope theoretically 
stable) suggests that the slope is unstable at that values of cohesion and friction angles or 
have probably failed [27, 28, 30–32, 38, 60], and probably by circular mode. This suggests 
that the analyzed slope would be critically stable with cohesion at 40 kPa and/or internal 
friction angle greater 35° with FS marginally above 1.0. But, it should be noted that with 
FS equal to 1 or slightly greater than 1, the slope would require stabilization to increase 
the FS to 1.5 which is often recommended and normally used to augment for the incon-
sistencies in modeling. The method of benching (which help moderate slope height and 
angle) proposed by Maduka et al. [38] can be employed to improve the slope stability.

Conclusions
The tailing dumps slopes at Enyigba mine southeastern Nigeria were carefully studied, 
and were observed to be liable to slope failure by sliding. The slope materials at the site 
have been characterized largely to be dark grey shale, and from the geotechnical and 
numerical analyses, few conclusions were made.

The tailing clay content, moisture content, permeability, compaction and shear 
strength indicated low to medium plastic soil, with low to medium water holding abil-
ity that could reduce the strength of the dump materials. These geotechnical attributes 
of the slope could be as a result of soil mineralogy. Materials with the above traits have 
been observed to exhibit low strength either as foundation or slope materials, and are 
capable of initiating engineering failures at sites on moisture influx.

The steepness of the slopes and slope curvature could be pointed out as some of the 
factors that would negate the stability of the slopes. However, while the slope dimension 
(height and width) was observed as a primary factor affecting the dump slope stability at 
the mine, slope angles could be the secondary.

The studied tailing slopes were inferred to be either critically or marginally stable, with 
a range of generated factor of safety between 1.00 and 1.30, hinting on the possibility of 
landslide occurrences on the tailing dumps within the mine site.

It was also concluded that increase in strength parameters (cohesion and angle of 
internal friction) have positive influence on the stability of the dump slopes while 
increase in slope height, slope angle and groundwater level have damaging and destruc-
tive influences on such slopes.

Therefore, after a thorough assessment of the slopes and materials of the tailing 
dumps, the authors recommended a number of precautions that could be beneficial in 
the design of tailing dumps for safe and durable storage. Effort should be made to avoid 
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flooding within the mine perimeter, thereby reducing water level to as low as possible 
around and within the dump slope. Slope height and angle optimization must be a com-
mon cautious exercise in the design of tailing dump storage. Slopes with higher height 
and angle than the optimal and/or high groundwater level must undergo stabilization, 
using any affordable method such as the benching method. The method helps reduce 
high slope height and angle and also reduces sliding mass in the event of possible slope 
failure.
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