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Abstract

Check for

This study investigated the geotechnical properties of tin mine tailings for its potential use, using particle size analysis,
oedometer consolidation test, quick undrained triaxial test, compaction test and permeability test. The results showed
that tailings from Cahal and Kantoma1l have higher percentage of coarse than fine grains, lower moisture and optimum
moisture content and higher coefficient of permeability. The most well graded materials of the mine tailings is CahaC.
KantomaC and CahaC showed higher percentage of fines, high plastic, liquid and shrinkage limit, high plasticity index,
high moisture content and optimum moisture content, higher shear strength, and lower coefficient of permeability.
However, compression and swelling index of all the tailings are of low plastic clay and have very low swelling potential.
Based on degree of plasticity, all the mine tailings in the study area are below the range of 1-5 hence, they are non-plastic

material.
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Introduction

Mining activities started in Kuza in early 1700s, in Plateau
State, near river channel, with the primacy goal of using the
Tin mineral to make farm tools [1]. After many centuries, tin
mining has been extended to areas like Zaria, Kano, Bauchi,
llesha and Plateau provinces, with over 80% of the production
coming from the Plateau [2,3]. Plateau State is the world’s
largest known deposit of columbite an ore of niobium
found associated with tin. Tin has been found useful in the
production of both domestic and industrial material because
it is pliable and also malleable. Nevertheless, mining activities
are always in association with tailings. This increases as the
demand for minerals and metals increases. Tailings are the
waste product of mining extraction and treatment [4]. They
are often in slurry form with high water content. They have
the potential of damaging the environment by releasing toxic
metals, causing gulley erosion, mine collapse and sinkholes,
and contaminating soil and water supplies both groundwater
and surface water [5,6]. Mine tailings account for most of the
environmental issues related to the extraction industry, with
risks increasing due to steadily rising tonnage of low-grade
ore and extreme weather events. This type of waste can
cause severe damage to the environment during stockpiling
as a result of the leaching of some harmful elements into the
ecosystem [7]. Several tailings disposal methods adopted in

order to maintain the normal mining operations include;
disposal of dry or thickened tailings in impoundments or free-
standing piles, backfilling underground mine workings, and
subaqueous disposal. The most common disposal method is
impoundment of tailings, tailings dam disposal and tailings
reuse disposal [8]. Although not all tailings are hazardous
waste, but free-standing piles tailings occupy land as well
as uttering the quality of the surrounding atmosphere [9].
Recycling is very much encouraged in many European
Union countries, which have relevant provisions in all waste
management directives [10]. In Korea, China, the Netherlands,
and Japan, reusing of tailings as construction material has
been the case [10]. The main idea of tailings reuse disposal
is to minimize the waste volume i.e. reducing the quantity/
tonnages being piled up at various mine sites (turning waste
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into usable space). Tailing reuse encourages sustainable
development by reducing environmental pollution/hazard
and then conserves the natural resources. Mine tailing can be
used either alone for embankments or mixed with stabilizing
chemicals like fly ash (FA) and hydraulic road binder (HRB) for
pavement applications. In area of building, bridge, dam and
road construction, mine tailings can be stabilized chemically
using admixtures like lime, calcium chloride, sodium
carbonate, sodium sulphate, fly ash, bitumen, cement, etc or
mechanically by compaction and consolidation. Tailing from
iron can be used as pigment in the production of paint for
buildings [11]. In the area of pottery/ceramics, chemical binder
such as calcium-rich cement-like binder may be used to recycle
mine tailings as raw materials in pottery/ceramic production
[12]. Using these tailings also as a backfilling material can be
cost-effective and eco-friendly solution for managing them. As
a way reducing volume of tailing piles, tailings can also be used
in cement and concrete [13]. There are several reports ranging
from leaking to failed tailing dams which has lead to loss of
many lives [14]. Another issue associated with reuse of mine
tailings is hydraulic sorting as some mine tailings drain slowly
maintaining residual moisture content under gravity drainage.
Thus, the geotechnical characters of the mine tailings give
one an edge on best way to reuse them. Thus, tailings possess
different geotechnical properties depending on the type of
ore extracted and the physical and chemical processes used
in extracting the product. For instance, the cyclic resistance
ratio (CRR) of laterite tailings increased with an increase in
the initial effective consolidation stress, whereas the CRR of
copper-gold-zinc tailings and gold tailings was insensitive to
the initial consolidation stress [15,16]. Coal tailings have lower
specific gravity than other minerals; copper tailings generally
have higher hydraulic conductivity than gold tailings [17].
Geotechnical properties (particle size, permeability, moisture
content, compressive strength, shear strength, Atterberg
limit, etc.) of tailings have more significant impact on their
reuse in terms of environmental sustainability, workability,
stability, strength, durability and best stabilization method
to adopt. Particle-size analysis helps in predicting soil-water

movement, helps in the design of filters for earth dams and
to determine suitability of soil for construction. Although this
research focused more on the geotechnical properties of the
mine tailings, however, knowing the mineralogical/chemical
makeup of the tailings is another guide on its usage as some
tailings may contain hazardous heavy metals/chemicals
which may alter its durability [18,19]. It also helps in metals
recovery, immobilization of hazardous metals, guide against
the sulphide invasion/reactivity and valorizes mineral residues
of the tailings.

In recent research, the role of geotechnical knowledge in
the reuse of mine tailings especially tin mine tailings has not
been quit extensive. Some of the researchers and analyst like
Santiago, et al. [11], Ince [20], Esmae:ili, et al. [21], Skarzyrska
[22], Kim, et al. [23], Galvdo, et al. [24] have given insight on
the reuse on some mine tailing such as gold mine tailings,
copper mine tailings, coal mine tailings, iron mine tailings,
but no literature said much about the reuse of tin mine
tailing. Thus, Wijewickreme, et al. [15], James, et al. [16] and
Wang [17] from their findings made it clear that tailings from
different ores possess different material properties. This spelt
the need to research on the geotechnical properties of tin
mine tailings for its potential reuse.

The objective of this study is to determine the potential
use of tin mine tailing in some structural designs like
roads, bridges, buildings, pottery/ceramics, etc based
their geotechnical properties, as a way of remediating and
sustaining the environment.

Features of the Study Area

Description of the study area

Plateau State has numerous hillocks with gentle slopes
emerging from the ground like mushrooms scattered with
huge boulders creating unusual scenery. Unfortunately,
mining activities has disrupted the aesthetic beauty of this
Plateau with characteristic mine tailings spreading over
wide areas, deep mining pits, abandoned mine excavations

Figure 1: Mine site as seen in Kantoma and Gyel’A’ (Caha) (A) An abandoned mine excavations and (B) Mine pond.
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(Figure 1a), mine ponds (Figure 1b), pilot ponds and failed
earth dam/banks. Proper management of mine tailings is
the main challenge facing mining activities in these areas,
as this waste occupies some of the farm lands. This research
paper will add to the body of knowledge on the efficacy of
reusing tin mine tailings since there are few literatures in this
area. The information provided in this work will also help the
government and environmentalist in decision-making toward
better environmental sustainability.

Geology and climate of the study area

Plateau State is one of the areas in Nigeria where older
granite was intruded by younger granite. These younger
granites are thought to be about 160 million-years-old. The
study areas are underlain by five different lithologies ranging
from Tertiary volcanoes to Cambrian basement complex
(older granite). These lithologies are: basalt and phonolite
trachytes, quartz porphyry, hornblende granite, coarse
porphrytic biotite and biotite hornblende, and migmatite and
granitic gneiss. The phases of volcanic activities involved in the
formation of Plateau State have made it one of the mineral
richest states in the country [25]. In Plateau State, tin (Sn),
cassiterite and columbite are present in veins and pegmatites
associated with rhyolites and granites intrusion, and can
also be found in metamorphic rocks [26]. When the rock
containing minerals are weathered, they remain intact and
eventually concentrated in streams to form placer deposits
[27]. However, most of the world’s total Sn production is
derived from secondary alluvial deposits resulting from the
disintegration of the primary deposits [28]. In Plateau state,
Sn deposit occurs in hard rock and also in alluvial deposit.

The climatic condition of the study area is characterized
by wet season which goes from April to October and it is
warm and muggy, with annual range of 1,000 to 1,500 mm
[29,30]. Hot season lasts from February to April, with an
average daily temperature, above 31 °C. The hottest month
of the year is March, with an average high of 33 °C and low
of 18 °C. The coldest month of the year is December, with
an average low of 11.7 °C and high of 28.9 °C. The State is
60% partly cloudy and 40% overcast or mostly cloudy.
The clearer part of the year in Plateau begins in November and
ends in February, with December being the clearest month of
the year. The cloudier part of the year begins in February and
ends in November, while May is the cloudiest month of the
year [25]. April to October is muggier than December, when
muggy conditions are unheard of, while June is the muggiest
month of the year [30]. The wind most often comes from
the West (around April to August), with a peak percentage
of 51% on July, and East from August to April, a peak
percentage of 73% on January. The windier part of the year is
from November to April, while January is the windiest month
of the year is [29].

Materials/Methodology

Sample collection

Four (4) samples were systematically collected from four
(4) distinct mine sites at two (2) different locations (Caha
and Kantoma), where open pit mining were active. The mine

tailings were collected at varying depth of 13 ft (Caha 1), 12 ft
(CahaC), 19.4 ft (Kantoma1l) and 10.2 ft (KantomacC). Kantoma
samples were collected from alluvium, while Caha were
collected from weathered hard rock (metamorphic).

Laboratory analysis of the field data

The following geotechnical tests were carried out: Sieve
analysis/grain size distribution, undrained triaxial test,
oedometer consolidation test, permeability test and modified
proctor compaction test.

Sieve analysis/grain size distribution: The sieving method
and particle size analysis for grain size distribution were
carried out in accordance with British Standard: 1337 [31].
The particle size distribution of the soil was characterized
using; coefficient of uniformity (Cu), coefficient of curvature
(Cc), sorting coefficient (C) or (So), particle sizes D10, D25,
D30, D50, D60 and D75 in mm and 10%, 25%, 30%, 60% and
75% by weight of soil, passing the respective sieve sizes [32-
35]. Casagrande [33] on one hand calculates Cu and Cc as;

Cu 2 4 indicates a well-graded soil. Cu < 2 indicates a
uniform soil. Cc between 1 and 3 indicate a well-graded soil.

Cc < 0.1 indicates a possible gap-graded soil.

While Folk [36] on the other hand presented a verbal
classification scale for sorting (So), < 0.35: very well sorted;
0.35-0.500: well sorted; 0.5-0.71: moderately well sorted;
0.71-1.00: moderately sorted; 1.00-2.00: poorly sorted; 2.00-
4.00: very poorly sorted; and, > 4.00: extremely poorly sorted.

Coefficient of uniformity, Cu, Coefficient of curvature (Cc)
and sorting coefficient (So) are calculated from the curve as
seen in the equations (Eq) (1) - (3).

Cu = D60/D10 (1)
Cc = D30%/ D60 x D10 (2)
So =VD75/D25 (3)

Consolidation

Quick undrained triaxial test: The shear strength
properties of the tailings were determined by conducting
quick undrained triaxial compressional tests on the samples
based on ASTM D2487-11 and ASTM D4767-11 standard
[37,38]. Undrained cohesion and angle of internal friction are
the two major shear strength parameters and were deduced
from the Mohr failure envelops. The stress results from the
series of triaxial tests at increasing cell pressure, 50 kN to 200
kN were plotted on a Mohr stress diagram.

The shear strength was calculated using equation 4 [39].
S=C+otand (4)
Where S = shear strength;

C = cohesion, read of the shear stress axis, where it is cut
by the tangent to the Mohr circles;

o0 = normal stress;

¢ = angle of shearing resistance or angle of internal
friction is angle between the tangent and a line parallel to the
shear stress.
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But o is obtained using equation 5
0=01+03/2+01—03/2 cos 2e (5)
where, o, =the major principal plane;

o,= minor principal plane;

e =90.

The oedometer consolidation test: Oedometer test
consolidation test was carried out on the four (4) remolded
samples, measuring 71.4 mm in diameter and the height of
20 mm with load increment of 10 kN to 800 kN. The test was
done in accordance to the ASTM D4767-11 [38] standard, The
following soil properties were derived from the oedometer test:

Coefficient of compressibility (Mv): This determines the
field behavior of the soil as the effective stress increases. It
is calculated as

Mv = AH/H*1000/AP (m2/MN) (6)

Where; AH = Change in height, H = Initial height (mm), Hf
= Final height (mm), P = change in pressure range

The Compression Index C. C_is an index associated
with the compressibility of the soil. It is extremely useful in
determination of the settlement in the field. It is measured
as the slope of the curve between void ratio and effective
stress. The void ratio is plotted in a normal scale whereas the
effective stress is in a logarithmic scale. A typical compression
curve in terms of void ratio (e) and effective stress log 6 is
presented in Figure 4. The Compression C_index is presented
as:

C.=-0e/log, (6,+06/6,) (7)

Where 6,= initial effective stress, 6 = final effective stress
Ae = change in void ratio, and the negative sign indicates that
the void ratio decreases with the increase in effective stress.

Compression index of clay is related to its index properties,
especially with the liquid limit. Terzaghi and Peck [40] gave the
following empirical relationship for clays of low to medium
sensitivity (Si < 4). Some empirical expressions that relate the
Compression Index, C, with the Liquid limit (LL) and Plasticity
Index (PI) of the soil, are stated below:

For remoulded soils Cc = 0.007 (LL - 10) [40,41]. (8)

For undisturded soil Cc =0.009 (LL - 10) [42] (9)

C.=0.50xPIx G, [43] (10)

The value Cc varies between 0.30 for highly plastic clays
and 0.075 for low plastic clays.

Expansion index or swelling index (Ce): The expansion
index or swelling index Ce, is used as an indicator of the soil’s
swelling potential to determine the suitability of a soil to
satisfy certain requirements. The recommended qualitative
classification of potential expansion in a soil based on Ce is
provided in Table 1 as per the ASTM D4829-11 [43]. Expansion
index or swelling index Ce is the slope of the e - log 6 plot

obtained during unloading. It is given as;
Ce = Ae/logl0 (6 - Ae/B) (11)

Liquid limit (LL): The value of liquid limit is used in soil
classification of the soil and it gives an idea about plasticity of
the soil. It is an indicator about the compressibility of the soil.
The compressibility of the soil increases with an increase in

liquid limit. It is calculated as;
LL=w (N/25) 2~ 0.121 (12)

Where w is the moisture content, N is the number of
blows and 0.121 is a constant. 0.121 is the power coefficient
suggested by ASTM [44] for an inorganic soil sample
corresponding to 25 blow counts.

In this study, 30 blow counts (N) were required for the
closure of the opening in Casagrande cup and the power
coefficient of one-point liquid limit equation given by ASTM
[44] was used due to sample preparation technique ASTM-
suggested power value of 0.121.

Plastic limit (PL): Plastic limit is as important as liquid limit
so as to ascertain Plasticity index.

Plasticity limit is given as PL = (M,-M,/M_-M,) x 100 (13)
M, = weight of ring

M, = Weight of ring and wet soil

M, = Weight of dry soil and ring

Shrinkage limit (SL): SL helps in design of structure
made up of or resting on such soil. It helps in assessing the
suitability of soil as a construction material in foundations,
roads, embankments and dams [45].

SL = ((Mi-Ms) - (v1-v2))/Ms x pw (14)
Where Mi = Initial weight of the wet soil

Ms = Weight of dry soil

V1 = Initial volume

V2 = Volume after drying

Pw = Mass density of water

Plasticity index, Pl indicates the fineness of the soil and its

Table 1: Degree of expansion.

Soil properties Very low Low
Liquid limit <20 20-35
Shrinkage Limit <10
Plasticity index <12
Shrinkage index <15
Swelling index 0-20 21-50

Medium High Very high
35-50 50-70 70-90
10-15 15-0 20-30
12-23 23-32 >32
15-30 30-60 > 60
51-90 91-130 > 130

Ukah and Igwe. Adv Environ Stud 2023, 7(1):531-544

Open Access | Page 534 |



Citation: Ukah BU, Igwe O (2023) A Geotechnical Approach in Sustainable Reuse of Mine Tailings: A Case Study of Tin Mine Sites in Plateau

State, Nigeria. Adv Environ Stud 7(1):531-544

capacity to shape without altering its volume. Plasticity index
in combination with liquid limit gives information about the
type of clay [46]. Soils with a high Pl tend to be clayey; those
with a lower Pl tend to be silt while those with a Pl near zero
tend to have little or no silt or clay (fines) present (Table 2).
Plasticity index (Pl) can be calculated using eq. 15.

Pl=LL-PL (15)

Liquidity index (LI): It predicts soil properties at different
moistures. LI of zero, 0 or lower indicates harder and more
brittle soil. LI < 0, shows that the soil is in a semisolid state
with characteristic high strength, brittle response and sudden
fracture of the soil and if 0 < LI < 1, the soil is in a plastic
state characterized by intermediate strength which deforms
like a plastic material. If LI > 1, the soil is in a liquid state
characterized by low strength; it deforms like a viscous fluid.
Liquidity index is calculated as

LI = wi— PL/PI (16)

Where wi is the water content

Consistency index Cl indicates the firmness/shear strength
of a soil, as the Cl increases, the shear strength of the soil
increases. This is calculated as;

Cl = LL - wi/PI (17)

Shrinkage index (Sl) is an indicator used to determine the
amount of clay and is given as;

SI=LL-SL (18)

Permeability test: The permeability of the Sn mine
tailings was measured with a permeameter by applying a
variable head gradient under different consolidation stresses
(50 kN, 100 kN, 200 kN, 400 kN, and 800 kN). The specimens
for the permeability tests were 18.6 mm in diameter and the
tests were completely conformed to ASTM standard D5084-

10 [47]. The permeability was determined at the end of each
applied stress increment through direct measurement by
variable head difference across the sample.

Compaction test: Compaction test was conducted using
the Modified proctor test (ASTM Designation: D1557) because
it is more precise compared to Standard Proctor test because
mould in modified proctor test is filled in 5 layers compared
to standard proctor test that is 3 layers. The more compacted
the soil, the better results for optimum moisture content
(OMC) and maximum dry density (MDD). This test determine
the relationship between water content and dry unit weight of
soils (compaction curve) compacted ina 4 in. or 6in. diameter
mold with a 10 Ib (4.54 kg) hammer dropped from a height of
18 in. (457 mm) producing a compactive effort of 56,250 ft
(2,700 kN-m/m?). The whole soil sample was compacted in 5
layers with 25 evenly distributed blows on each layer [40,43].
The values of the optimum water content and maximum dry
unit weight were determined from the compaction curve. Soil
types can be identified based on optimum moisture content
[46] (Table 3).

Geochemical analysis of the heavy metal in the soil:
Twelve heavy metals (Ba, Cd, Cr, Co, Cu, Fe, Pb, Mn, Hg,
Ni, As and Zn) were analyzed for each of the soil samples
using specific hollow cathode lamp at a specific wavelength,
and then aspirated into the flame of atomic absorption
spectrophotometer (AAS, PerkinElmer Analyst 200).

Result and Discussion

Particle size analysis

Table 4 and Figure 2 summarized the result from
particle size analysis and grain size distributions curve.
Percentage of gravel is in the range of 2.80% to 14.90%,
sand 72.8% to 86.5% and fines 5.10% to 24.2%. The tailing

Table 2: Plasticity values for various soil types.

Plasticity Index (PI) percentage

Degree of plasticity
Non plastic

Slight plasticity
Low plasticity
Medium plasticity
High plasticity

Very high plasticity

Table 3: Soil classification from optimum moisture content.

Category Soil
I Sand or silt 0-1

Traces of clay 1-5

Little clay 5-10
1] Clay loam 10-20
Il Silty clay 20-35

clay >35
Soil
Clay sands, sand-clay mix 10-11
Sand-silt-clay mix with plastic, silt + clay fraction 11-15
Inorganic silt, clayey silt 12-24
Inorganic clay 12-24
Organic silt 21-33
Inorganic clay, highly plastic 19-36
Organic 21-45

Optimum moisture content for compaction (range in %)
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Figure 2: Particle size distribution curve.

samples (Cahal and Kantomal) have more percentage
of coarse particles than fines, whereas CahaC and
KantomaC have higher percentage of fines than coarse
particles. Due to higher percentage of coarse particles in
Cahal and Kantomal mine tailings, they can be reuse in
the construction of downstream shoulder section of an
embankment which requires mass and drainage [48], While
KantomaC and CahaC, with their high percentage of fines,
can be baked into bricks for building. Fine tailings can be
used as fine aggregate replacement to enhance the density
of fresh mortar/cement and effective in radiation shielding
hardened mixture [9]. From the plot of soil percentages

passing versus soil diameter, the characteristics indices
of the soil were determined (Figure 2). Coefficient of
uniformity (Cu) reviewed CahaC to be the most well graded
soil among the mine tailings with coefficient of uniformity
(Cu) (6.8) followed by Cahal (3.53), while the two samples
from Kantoma are poorly graded [31,34]. Coefficient of
curvature (Cc) is highest in KantomaC (1.246) followed
by Cahal (0.769) while CahaC (0.376) is the least (Figure
2). In terms of sorting coefficient (So), CahaC has highest
value and Kantoma 1 the least. According Folk [35] sorting
classification scheme, the four soil samples calculated
from the particle distribution curve (Figure 2) are well
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graded. They increase in following order; the two mine
tailing Kantomal (1.900) poorly sorted, Cahal (2.213),
KantomaC (2.401) and CahaC (2.934) were very poorly
sorted. In a well graded soil, smaller grains tend to fill
the voids between larger grains and this in turn affect the

Table 4: Particle characterization of the mine tailings.

hydraulic conductivity of the soil as well its permeability
[31]. For geotechnical structures such as road construction,
well graded soils are preferable whereas in drainage
design, poorly graded material, such as mine tailings from
Kantomal are better off [49,50].

Kantomal KantomaC Cahal CahaC
Sieve no Diameter Soil % Soil % Soil % Soil % Soil % Soil % Soil % Soil %
Passing Passing Retained Retained Passing Retained Passing Retained
#4 4.75 1.40 0.00 100 98.63 2.6 97.4 0.2 99.8
#10 2.00 1.40 3.00 96.97 97.26 5.8 91.6 14.7 85.1
#20 0.85 19.20 24.20 72.73 78.06 25.6 66.0 25 60.1
#40 0.425 9.60 6.10 66.67 68.46 115 54.5 10 50.1
#60 0.25 27.40 6.10 60.61 41.06 28.2 26.3 10 40.1
#80 0.18 12.30 21.20 39.40 28.76 12.2 14.1 15 25.1
#100 0.15 17.70 15.20 24.24 11.06 9 5.1 10 15.1
#200 0.075 11.0 24.20 0.04 0.06 5.1 0.0 15 0.1
Pan 0.08 0.08 0 0.08 0.0 0.1 0.0
Total 100.08 100.08 100.08 100.0
Gravel % 2.80 3 8.40 6.00
Sand % 86.2 72.8 86.5 81.0
Fines % 11 24.2 5.10 13
D75 0.65 0.94 1.15 1.55
D60 0.37 0.26 0.6 0.85
D30 0.19 0.18 0.28 0.2
D25 0.181 0.163 0.15 0.18
D10 0.16 0.16 0.13 0.125
Cu 2.313 2.60 3.530 6.8
Cc 0.610 1.246 0.769 0.376
So 1.900 2.401 2.213 2.934
Table 5: Oedometer consolidation test.
Source 1 2 3 4 5 6 7 8 9 10 11
Kant 1 19 0.002 | 0.038 18.562 18.600 0.038 0-25 0.506 0.082 0.021 | -5.4E-05
68 0.136 18.464 18.562 0.098 25-50 0.498 0.212
147 0.294 18.306 18.464 0.158 50-100 0.485 0.173
270 0.540 18.060 18.306 0.246 100-200 0.465 0.136
446 0.892 17.708 18.060 0.352 200-400 0.437 0.099
258 0.516 18.084 17.708 - 50 0.451 -
86 0.172 18.428 18.084 10 0.47
Kant C 27 0.054 18.546 18.600 0.054 0-25 0.539 0.116 0.042  -0.00024
89 0.178 18.422 18.546 0.124 25-50 0.529 0.269
197 0.394 18.206 18.422 0.216 50-100 0.511 0.237
352 0.704 17.896 18.206 0.310 100-200 0.485 0.173
610 1.220 17.380 17.896 0.516 200-400 0.442 0.148
459 0.918 17.682 17.380 50 0.466
218 0.436 18.164 17.682 10 0.49
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Caha1l 36 0.072 18.528 18.600 0.072 0-50 0.477 0.078 0.008 |-2.2E-05
102 0.204 18.396 18.528 0.132 50-100 0.466 0.144
218 0.436 18.164 18.396 0.232 100-200 0.448 0.128
391 0.782 17.818 18.164 0.346 200-400 0.42 0.097
624 1.248 17.352 17.818 0.466 400-800 0.383 0.067
488 0.976 17.624 17.352 50 0.429
306 0.612 17.988 17.624 10 0.46
CahaC 26 0.052 18.548 18.600 0.052 0-25 0.587 0.112 0.047 |-8.3E-05
88 0.176 18.424 18.548 0.124 25-50 0.576 0.269
199 0.398 18.202 18.424 0.222 50-100 0.557 0.244
371 0.742 17.858 18.202 0.344 100-200 0.528 0.193
657 1.306 17.294 17.858 0.564 200-400 0.48 0.163
438 0.876 17.724 17.294 50 0.508
216 0.432 18.168 17.724 10 0.53

1 = Final dial gauge reading, 2 = Correction, 3 = Total settlement (TS), = Ah = AH+Previous AH, 4 = Final height (mm) (Hf), 5 Initial
height (mm) (Ho), 6 = Change in height, AH, 7 = Effective pressure, 8 = void ratio (e), 9 = Coefficient of compressibility (Mv), 10 =
Compression index (Cc), 11 = Swelling index (Ce).
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Figure 3: Void ratio versus effective pressure.
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Consolidation characteristics of the mine tailings

Consolidation is the compression of saturated soil under
a steady static pressure due to expulsion of water from the
void. The consolidation of fine tailings is normally slower than
the coarse tailings due to low permeability [52]. It predicts
the magnitude and the rate at which settlement occurs as
well as its usage as a construction and foundation material.
Hence, the Coefficient of compressibility (Mv), compression
index (Cc), swelling index (Ce) and Atterberg limits were
determined [35].

Coefficient of compressibility (Mv): Increase in effective
stress from 50 kN to 800 kN/m?, decreases the void, but this
effect later increase, as the load decreases, from 800 kN to 50
kN and 10 kN (Table 5 and Figure 3). CahaC and KantomaC have
the highest void ratio (e) and coefficient of compressibility
(Mv) values at various levels as the effective stress increases
than Cahal and Kantomal (Figure 3). This actually validates
the result from particle size (Table 4). Thus, the higher the
void ratio and percentage of fines in a sample, the higher the
coefficient of compressibility [53]. Although, mine tailings
are environmentally friendly materials in backfilling of mine
pits as well as reclaiming the environment and reducing its
volume on the surface [54], CahaC and KantomaC will tend
to settle more than Cahal and Kantomal when loaded with
structures given the higher coefficient of compressibility [55-
57]. This means that in using Cahal and Kantomal either
as a backfilling material in mine pits or filling material in
foundation require little or no add mixtures whereas in CahaC
and KantomaC mine tailings add mixtures are necessary to
reduce settlement.

Compression index Cc: The result displayed in Table 5
showed that the tailings are of low plastic clay since they are
all less than 0.30 [37].

Swelling index Ce: Based on ASTM D4829-11 classification
[41], the tailings have very low swelling potential because
they are below the range of 0-20 (Table 5). The results
revealed that the soils have low affinity for water and are well
drained. Ubido, et al. [56] revealed that Kaolinite is the only
clay mineral that has the least affinity for water among the
clay minerals. Materials with very low swelling potential are
highly recommended in the road, bridge, dams and building
construction [58]. Hence both mine tailings from Caha and
Kantoma can be reused for constructional purposes.

Atterberg and consistency limit results: From the
oedometer consolidation test result, Atterberg and
consistency limit of the mine tailings were determined (Table
6). The results of Atterberg limit reviewed that CahaC has

the highest plastic, liquid and shrinkage limit, followed by
KantomaC, while the lowest is Cahal. However, liquid limit
of all the mine tailings are very low since they are below 20 in
the classification scheme (Table 1).

In terms of consistency limit, KantomaC (0.350) and CahaC
(0.364) have higher plasticity index value than Kantomal
(0.283) and Cahal (0.243). This suggests that KantomaC and
CahaC contain more clay than Kantomal and Cahal [44],
this result is in agreement with the result from sieve analysis
(Table 4). Although based on degree of plasticity (Table 2),
all the mine tailings are non plastic because they are below
the range of 1-5, but in ceramics industry, KantomaC and
CahaC are more preferable in pottery making than Kantomal
and Cahal since they have higher plasticity index. Just like
plasticity index, shrinkage index is also higher in Kantoma
C (5.497) and CahaC (5.574) than in Kantomal (4.314) and
Cahal (3.651). However, based on degree of expansion
(Table 1), the mine tailings have low shrinkage index (Table
6). Based the findings of Shettima, et al. [59] mine tailings
help in lowering the drying shrinkage of concrete.

Compaction test

Compactive effort of 25 kN to 800 kN was done to obtain
the optimum moisture content (OMC) and maximum dry
density (MDD) (Table 7). Compaction test result showed
that Cahaland Kantomal have lower moisture content and
optimum moisture content (OMC) of 12.0% and 14.0% but
higher maximum dry density (MDD) (1.788 mg/m3 and 1.736
mg/m3) while CahaC and KantomaC have higher moisture
content and optimum moisture content (18.0% and 17.0%)
but lower maximum dry density (1.646 mg/m? and 1.698 mg/
m3). This suggest that OMC for Cahal and Kantomal fall in
the range of well graded sand (12%-14%) while CahaC and
Kantomac fall in low plasticity silt-clay (17%-18%) [39]. Cahal
and Kantomal are more suitable in road construction while
CahaC and KantomaC are better used in plastering of wall,
flooring and brick baking since they have more of fines.

Quick undrained triaxial compression test

Shear strength is the most important geotechnical
property which gives insight on the capability of a soil
to support structural load, analyze and solves stability
problems. Soils are essentially frictional materials comprised
of individual particles that can slide and roll relative to one
another. lIts shear strength depends indirectly on the soil
permeability and directly on the effective stresses, size and
gradation of the individual particles, void ratio or dry density,
and (e) confining pressure [60]. Quick undrained triaxial test
carried out on Caha and Kantoma Sn mine tailings showed

Table 6: Atterberg and consistency limits.

Source PL (%) LL (%) Pl (%)
Kantomal 12.690 12.973 0.283
KantonaC 15.670 16.020 0.350
Cahal 10.880 11.123 0.243
CahaC 16.330 16.694 0.364

SL (%) S (%)
8.659 4314
10.522 5.497
7.472 3.651
11.120 5.574

Ukah and Igwe. Adv Environ Stud 2023, 7(1):531-544

Open Access | Page 539 |



Citation: Ukah BU, Igwe O (2023) A Geotechnical Approach in Sustainable Reuse of Mine Tailings: A Case Study of Tin Mine Sites in Plateau
State, Nigeria. Adv Environ Stud 7(1):531-544

Table 7: Compaction test result (Modified Proctor).

Parameters Cahal CahaC Kantomal KantomaC
Moisture content 7.17 13.27 9.46 12.96
9.03 15.18 11.01 14.37
11.96 17.98 13.97 16.97
15.45 20.96 16.99 20.28
17.78 22.79 18.95 22.48
Dry density (Mg/m3) 1670.2 1529.9 1620 1577.2
1735.9 1590 1679.7 1640.3
1787.7 1646.3 1736.1 1697.8
1722 1580 1683.3 1630.4
1650 1505 1612 1550.3
OMC % 12.0 18.0 14.0 17.0
MDD Mg/m?3 1.788 1.646 1.736 1.698
Table 8: Quick undrained triaxial compression test.
Parameter Cahal CahaC Kantomal KantomaC
Moisture content 12.0 18.0 14.0 17.0
Bulk density 2.002 1.942 1.979 1.986
Undrained Cohesion (kN/m?) 70.0 60.0 75.0 65.0
Angle of internal Friction Deg 15.0 11.0 13.0 11.0
Cell pressure 50 50 50 50
100 100 100 100
200 200 200 200
Compressive stress 211.0 175.0 223.0 190.0
250 200.0 250.0 215
320.0 255.0 315.0 263
Shear strength -0.9935 16.26 12.657 18.344

increase in compressive stress with increase in cell pressure
of 50 kN to 200 kN. Here three different cell pressure tests
were drawn in terms of effective stresses corresponding
to failure conditions. Cahal (70°) and Kantomal (75°) have
higher undrianed cohesion as well as angle of internal friction
(15° and 13°) CahaC and KantomaC (Table 8 and Figure 4).
From the calculated shear strength (Table 8), kantomaC has
the highest shear strength (18.344) followed by CahaC (16.26)
while Kantomal (12.657) and Cahal (0.9935) have the least
values. This suggests that KantomaC and CahaC will be less
prone to rutting by shear compared to Cahal and Kantomal.
Thus Cahal and Kantomal as foundation material require
more stabilizer than CahaC and KantomaC, understanding
the shear strength properties of the tailings aids in their
specific usage. For instance, Guo, et al. [9], Fisonga, et al.
[61], Sant’ana, et al. [62] and Thomas, et al. [63] discovered
that increase in compressive strength of concrete improves
with increasing tailing contents, but not beyond a limited
replacement content of fine aggregates.

Permeability test

The amount, distribution, and movement of water in soil,

safety of hydraulic structures, the stability of foundations,
excavation of open cuts in water bearing sand, rate of flow
of water into wells perhaps are ascertain from permeability
test [50]. Permeability tests results displayed on Table 4,
showed that Cahal (9.205 x 10° cm/Sec) is the highest in
average coefficient of permeability (kav) while CahaC (7.756
x 10 cm/Sec) is the least. This result is in agreement with
the findings of Hu, et al. [53], who stated that metal tailings
generally present larger hydraulic conductivity. Moreover,
Cahal and Kantomal have lowest moisture content, void
ratio and porosity respectively than the other two (CahaC
and KantomaC). According to Ukah, et al. [32], increment
in the percentage of fines affects the soil gradation as well
as the permeability. Guo, et al. [9] states that permeability
is an important properties of the tailings that affects it
durability especially, in terms of its usage in concrete, the
lower the permeability of a concrete material, the better
the durability. For sustainability of geotechnical structures
such as pavement structure, these high permeable tailing
materials can be reused for pavement construction with
proper mix design and admixtures [64]. Cahal mine tailings
are the most permeable of the entire sample owing to its
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Figure 4: Plot of shear stress versus total normal stress.
Table 9: Permeability test by variable head.
Parameters Cahal CahaC Kantomal KantomaC
Moisture content 16.7 24.4 17.9 23.9
Bulk density p, (mg/m?) 2.146 1.996 2.117 2.004
Void ratio (e) 0.446 0.652 0.481 0.639
Porosity (n) % 30.8 39.5 325 39.0
Coefficient of permeability 9.205 x 10° 7.756 x 10 9.015 x 10° 8.024 x 10°

low percentage of fines. This might be the reason tailings
were littered around the mine sites in the study area, since
permeability encourages erodibility of the tailings/soil due to
lack of shear resistance. Although in terms of construction of
impoundment earth dams, these tailings can only be reuse
with proper admixtures/stabilizers, but they can also be reuse
in the design of downstream embankment that requires
drainage [65] (Table 9).

Geochemical quality of the soil

The geochemical quality of the soil was determined
using geochemical accumulation index (I-geo). According to
Muller [66] Geochemical accumulation index (l-geo) consists
of five classes: I-geo < 1 unpolluted, 1 < I-geo < 2 indicates
low pollution, 3 < I-geo < 4 moderately polluted, 4 < l-geo < 5
strongly polluted, and I-geo > 5 is extremely polluted. I-geo is
calculated as

1- geo = Log? (Cn/1.5Bn) (19)

Where Cn is the concentration of the metal pollutant, Bn is
the geochemical background concentration of the pollutantin
sediment, and 1.5 is the background matrix correction factor
due to lithogenic effect. DPR [67] allowable concentration of
heavy metals in the soil was used as the background value in
both samples (Table 10). Based on the I-geo analysis in Table
11, The soil samples analyzed were all in the neighborhood of
unpolluted (Kant2, Ni (1.010); kant3, Cd (1.128); Ni (1.015); Zn
(1.274); Caha 1, Co (7.817); CahaC2, Zn (1.086) except Cahal
which is extremely polluted with Co (Co, 7.817). health wise,
soil samples from Caha 1 cannot be used in the production of
domestics wares as exposure to high levels of cobalt through
ingestion causes asthma, pneumonia, nausea and vomiting,
vision problems, dermatitis, thyroid damage, severe damage
to the heart, and even death [68,69]. However, the presence
of Co in construction material improves its durability and
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Table 10: Heavy metals concentrations in the water soil samples.

Metal | DPR Kantl Kant2 Kant3 KantC1 Cahal Caha2 Caha3 CahaC1 CahaC2

Ba 200.0 2239.647 2224.528 2145.662 | 1845.385 |2218.187 | 2005.283 2344.492  2039.740 2162.836

Cd 0.8 0.359 0.750 0.104 0.397 0.718 0.966 0.767 0.514 0.255

Cr 100.0 111.713 52.652 20.560 27.428 50.507 129.116 159.015 47.394 46.415

Co 20.0 -15.990 -16.836 13.008 -11.738 0.048 -14.664 -31.942 -7.651 -4.545

Cu 36.0 25.552 30.730 26.423 18.967 34.775 35.345 29.383 30.459 8.364

Fe 5000.0 14340.040 | 14266.240 | 7013.877 10603.77 |18058.44 | 25803.850 | 25520.340 15511.040 8096.967

Pb 85.0 52.629 54.542 26.139 21.877 47.436 38.657 34.751 48.615 26.689

Mn 437.0 480.503 403.612 141.851 195.204 2274.35 1736.130 | 1250.852  1566.879  514.338

Hg 0.3 1.796 1.276 2.486 1.241 1.789 1.352 1.444 0.927 0.686

Ni 35.0 34.659 5.193 5.161 13.088 28.134 48.178 39.173 27.688 8.472

As 1.0 1.621 -0.419 1.015 -0.308 0.325 -1.279 0.588 0.486 -0.930

Zn 146.0 71.298 48.229 16.281 109.156 69.675 77.470 73.636 68.945 19.882
Table 11: I-geo accumulation result of the soil samples.

Metal Kantl Kant2 Kant3 KantC1 Cahal Caha2 Caha3 CahaCl CahaC2

Ba 0.762 0.757 0.730 0.622 0.755 0.681 0.797 0.693 0.736

cd 0.275 0.042 1.128 0.231 0.050 0.009 0.038 0.136 0.452

Cr 0.016 0.207 0.745 0.544 0.223 0.004 0.001 0.250 0.260

Co H#NUM! #NUM! 0.132 #NUM! 7.817 #NUM! H#NUM! H#NUM! #NUM!

Cu 0.106 0.060 0.096 0.206 0.037 0.034 0.070 0.062 0.656

Fe 0.079 0.078 0.001 0.023 0.146 0.288 0.283 0.100 0.001

Pb 0.148 0.136 0.474 0.586 0.184 0.269 0.319 0.175 0.461

Mn 0.018 0.044 0.442 0.277 0.292 0.179 0.079 0.143 0.011

Hg 0.361 0.205 0.551 0.194 0.359 0.228 0.256 0.099 0.034

Ni 0.033 1.010 1.015 0.364 0.073 0.001 0.016 0.077 0.628

As 0.001 #NUM! 0.029 H#NUM! 0.441 #NUM! 0.165 0.240 #NUM!

Zn 0.238 0.432 1.274 0.091 0.247 0.204 0.224 0.252 1.086

hardness at higher temperatures and reduces corrosion
[70]. This makes sample from Caha 1 a better material for
construction purposes.

Conclusion

The potential reuse of tin mine tailings from Gyel'A’
popularly pronounced as Caha and Kantoma area of Plateau
state, north central, Nigeria was investigated using the
following geotechnical techniques: particle size analysis,
oedometer consolidation test, quick undrained trial axial test,
modified proctor compaction test and permeability test. The
investigation showed that tailings from Cahal and Kantomal
have high percentage of coarse material, lower moisture
and optimum moisture content and higher coefficient
of permeability. These make them more preferable as
a backfilling material in mine pits or as a filling material in
foundation, construction of downstream shoulder section
of an embankment, pavement construction with proper mix
design and admixture than CahaC and KantomaC. However,
KantomaC and CahaC showed higher percentage of fines,
high plastic, liquid and shrinkage limit, high plasticity index,

high moisture content and optimum moisture content,
higher shear strength, and lower coefficient of permeability.
Although, geochemical properties of the samples showed
the entire sample to be in the neighbourhood of unpolluted
except Cahal which was extremely polluted with Co, thereby
making it unfit as a raw material for the production any
domestic wares. But, considering the geotechnical qualities
CahaC and KantomaC possess, they samples can be baked
into bricks for building, and also in pottery while Cahal
is at advantage for construction purposes, as it is highly
concentrated in Co. Based on the geotechnical properties
especially very low swelling potential and other qualities
observed in all the Sn mine tailing samples from the study
area, the tailings can recommended in the road, bridge, dams
and building construction.
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