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Abstract

Mining sites are vulnerable to erosion and siltation of rivers. While the construction of rockfill dikes can mitigate siltation,
existing rockfill dikes are typically constructed with natural aggregates, whose mining, beneficiation, and transportation entail
additional adverse impacts. In this paper, ferronickel slag (FNS) was investigated as a free-draining rockfill dike material to
be used in nearby mining sites. A series of laboratory tests, including physical, environmental, durability, chemical and min-
eralogical analyzes, was executed to evaluate the engineering characteristics of this byproduct and its potential use in dikes.
Results demonstrate that FNS is non-uniform with relatively low Los Angeles abrasion. Leaching and dissolution tests have
not shown harm to the environment since the average concentrations of chemical elements existing in FNS were below the
standard requirements. Accelerated weathering cycling tests with ethylene glycol further highlighted that the byproduct does
not suffer premature disaggregation in the presence of water, thereby revealing that the material can be employed adequately
under saturated condition. Findings suggest that the use of FNS in rockfill dikes represents a technically and environmentally
feasible solution, while reducing the use of natural aggregates, avoiding the formation of stockpiles, preventing siltation in
downstream fluvial networks and other adverse impacts.
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While mining and metallurgical companies have long been
envisioning a sustainable industry [1], numerous challenges
remain to the realization of this scenario [2]. For example,
the mineral sector generates large volumes of waste for
which there are no easy management solutions. Among these
is the ferronickel slag (FNS), a waste generated during the
smelting of nickel ores in electric arc furnaces [3], which
may contain large amounts of silica, magnesium, and iron
oxides, in addition to aluminum and calcium oxides [4-7].
It has been estimated that to produce one ton of nickel alloy,
12-14 tons of FNS are generated [8]. Unfortunately, the
largest portion of the FNS produced remains stockpiled [6,
9-11], since several factors restrict the reuse of this byprod-
uct. For instance, the high content of MgO, which can cause
poor stability (i.e., excessive expansion) when in contact
with water [12, 13], is a remarkable challenge that inhibits
the usage of FNS as a construction material [14]. Yet, as
this byproduct has also demonstrated excellent engineering
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properties, there are opportunities to expand applications
of FNS as a building material, enabling its recycling and
minimizing the consumption of natural resources [7, 15].

The growth of nickel mining [16] has been accompanied
by the generation of FNS and its stockpiles at metallurgical
sites [13]: a fact that explains the increasing number of aca-
demic studies on the engineering properties of eco-friendly
FNS-based materials and applications. This includes labo-
ratory experiments to produce concrete [15, 17], mortar
[8], hot mix asphalt [18], ceramic tiles [19], fertilizer [20],
geopolymer [9], glass fiber [21], glass—ceramics [22], and
as a source of magnesium metal and ferroalloy produc-
tion [23]. This body of work has found that replacement
of natural aggregates by FNS enabled the development of
high-strength structural concrete (e.g., [24, 25]). Further-
more, soundness and strength development of FNS-based
cement pastes and mortars were similar as those of com-
monly adopted supplementary cementitious materials [26].
From an environmental perspective, the leaching of heavy
metals from concrete samples containing FNS was much
below the Dutch regulatory limits [24]. Despite the non-
hazardous characteristic of FNS [11], some jurisdictions still
treat this byproduct as a hazardous waste [27], which makes
the management of this material particularly challenging.
Altogether, these previous studies have focused primarily on
understanding the engineering properties of FNS as aggre-
gate of composite materials rather than exploring its proper-
ties as raw materials.

While there have been studies showing the feasibility of
incorporating FNS in construction materials (e.g., cement
and concrete) [24], such solutions may not necessarily be
cost-effective or environmentally friendly, depending on
the amount (and location) of these wastes [28]. Through
an industrial ecology lens [29], FNS should find an ideal
application close to its generation source, thus minimizing
the need for transportation and its adverse impacts on the
environment. Accordingly, uses of FNS that preserve the
engineering properties of natural aggregates and are applied
close to mining and steelmaking facilities should be pre-
ferred from a sustainability standpoint. Therefore, a natu-
ral question is whether this byproduct can be used to miti-
gate environmental impacts in mining regions. This paper
addresses this research gap.

It stands out, for example, that open pit mining sites in
erosive landscapes, including those in nickel mining regions,
have long tried to control sediments produced by water and
wind erosion [30-32]. Zapico et al. [33] have recently argued
that sediments produced by water erosion are still one of the
most challenging environmental impacts in the industry. To
address this problem, mining companies have been adopting
various solutions, such as avoiding the exposure of sediment-
generating materials to wind or water, diverting runoff from
undisturbed areas around mined areas, protecting storm-water

drains, ditches, and stream channels against erosion, re-veg-
etating disturbed areas, and using temporary and permanent
installations such as dikes, berms, gabions, and other sedi-
ment barriers. Rockfill dikes, also known as rock filter dikes
or embankments, have been increasingly used in mining sites
due to their effectiveness and flexibility [34], as these struc-
tures often employ on site or nearby (quarry) materials [35].
Yet, this is not necessarily valid in all geographical contexts,
since the distance between quarries and the demand points are
getting progressively longer [36].

Rockfill materials should have substantial strength, spe-
cific gravity, and permeability [37]. Literature findings sug-
gest that slag raw materials meet such requirements [38]. For
example, the specific gravity of FNS is 10-25% higher than
natural aggregates, enabling its explicit use as raw material
in structures such as gravity retaining walls, cable anchors,
wave-dissipating blocks and rockfill dikes [7]. Rockfill dike
is a coarse-grained, free-draining hydraulic structure, fre-
quently composed of quarry or riverbed rocks [34, 39]. These
hydraulic structures are used to contain silts at the outlet of
watersheds during a rain event. According to Siddiqua et al.
[40], most existing rockfill dikes are conceived as flow-through
dikes by taking advantage of the porous nature of the rockfill
material. By retaining silts in a filter, these structures allow
sediment-free water to percolate through the dike, thereby
reducing adverse environmental effects in downstream rivers.

Whereas much progress has been made on the characteriza-
tion of FNS for the development of environmentally friendly
composite materials, surprisingly, to the best of the authors’
knowledge, no attention has been given to the investigation of
this byproduct as a free-draining rockfill dike to retain sedi-
ments in mining regions. Careful examination of the behavior
of rockfill materials is essential to the realistic evaluation and
design of rockfill structures [41]. This requires an analysis of
specific properties of the FNS raw material, including grain-
size distribution, durability, leaching characteristics and weath-
ering resistance. Being aware of this fact, this study set out
to investigate the use of FNS as a free-draining rockfill dike
material in one of Brazil’s largest iron and nickel producing
sites, where this metallurgical waste has been accumulated
in large stockpiles. More specifically, this study carried out a
series of laboratory tests, including physical, environmental,
mechanical, chemical and mineralogical analyzes, to evalu-
ate the engineering characteristics of this byproduct and its
potential use in free-draining rockfill dikes.

Materials and methods
Materials

FNS, obtained from a Brazilian multinational mining-met-
allurgical company, located in the north of the country, was
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used as raw material in this study. Figure 1 provides the geo-
graphic overview of the study area, sampling of stockpiled
material and the general appearance of the byproduct. To
date, the volume of FNS in the stockpile is approximately
2 million cubic meters, occupying a relatively large area of
140.12 ha. The sampling locations are depicted with blue
colored areas, representing investigations at Locations 1
(light blue), 2 (medium blue) and 3 (sky blue). These sam-
pling locations differ in their nickel content and deposition
period. As indicated in Fig. 1, the byproduct samples were
collected at 12 points, equally distributed in the three loca-
tions using a backhoe, down to a depth of 10-70 cm. The
byproduct samples were packed in 30 kg plastic bags, sealed,
and further investigated in the laboratory.

The main physical properties of the byproduct FNS,
obtained from the company database according to the Bra-
zilian standard ABNT NBR 5564 [42], are listed in Table 1,
including specific gravity (SG), unconfined compressive
strength (UCS), maximum particle dimension (D,,,,), appar-
ent porosity (P), and water absorption (WA). The sample
used in the UCS test was obtained after extracting a speci-
men from an undisturbed block.

The expansion of the mining activities in the region is
generating large volumes of sediments. These are gener-
ated in ore storage yards and waste rock piles, and from a

Ferronickel
slagstockpile

Brazil

s rescax|

Table 1 Basic physical and water absorption properties of FNS

SG (-) UCS (MPa) D, (mm) P(%) WA (%)

33 139 63 3.7 1.2

large portion of the mining area, corresponding to a basin
of 413 ha. Silt traps have been constructed (Fig. 2a) within
the mining area at several places to decrease the silt loads
reaching the outlet. These silt traps are small settling res-
ervoirs constructed by excavation. Their main function
is to capture sediment-laden runoff from the mining site
for enough time, allowing most of the sediment to settle
out. Unfortunately, in the study area, these devices are not
enough to reduce the adverse effects of runoff discharge
from the mining site to downstream rivers, which can be
achieved with the construction of free-draining rockfill
dikes. Clayey sediment samples were collected at five dif-
ferent sediment traps of the mining site (Fig. 2b). The sedi-
ment samples were packed in 30 kg plastic bags and sealed
for further granulometric analysis in the laboratory. The
sedimentation method [43] was adopted here to establish
the particle size distribution of the sediment that is finer
than the 0.074 mm sieve (or sieve #200).

157,000 m?*
Jan — Jun 2012

724,000 m*
Dec/2015
Jan/2018

600,000 m*
Jan/2012
Dec/2015

Fig.1 Overview of the study area in northern Brazil, sampling and appearance of the ferronickel byproduct investigated. The sampling locations
are indicated with red dots. The different blue colors of the stockpile represent byproducts with distinct nickel content and deposition period
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Fig.2 Appearance of the silt generated from various mine operations:
a overview of one of the sediment traps and b silt (sediment) sam-

pling

Experimental methodology

A series of performance tests were executed on FNS to
evaluate its feasibility as a rockfill dike material. In the
absence of a specific standard for the use of this material
in the construction of rockfill dikes, tests deemed essential
for the characterization of the byproduct were carried out.
Table 2 lists the series of laboratory experiments performed,
including physical, environmental, durability, chemical and

mineralogical tests, which supplied data for the dike design.
In addition, engineering properties involved in the utilization
of natural aggregates as rockfill (dam) materials were evalu-
ated for comparative analysis. The next subsections detail
the different experiments listed in Table 2.

Test methods
Physical characterization

The particle size distribution of FNS materials was per-
formed by sieve analyzes according to the Brazilian standard
NBR 7181 [43]. This is the standard reference for particle
size analysis of granular materials in Brazil. For the fraction
below 0.075 mm, sedimentation analysis was performed.
The particle size distribution test results were further used
to define geometric parameters based on the grading curve,
that is, the maximum particle dimension (D,,,,), the fine-
ness modulus (F,,), the coefficient of uniformity (C,) and
the coefficient of curvature (C,). F,, is obtained by adding
the total percentage of the aggregate sample retained in
a standard series of sieves and dividing the sum by 100.
The standard sieves are: 37.5, 4.75, 1.20, 0.60, 0.30 and
0.15 mm. The higher the F,,, the coarser the aggregate is.
C, is defined as D¢,/ D, , where Dy, and D, are the diam-
eters corresponding to 60% and 10% finer, respectively. C,
is defined as D3, /(Dgy X Do), Where Dy is the diameter
corresponding to 30% finer.

Los Angeles abrasion (LAA) tests were executed accord-
ing to the Brazilian standard NBR-NM 51 [44], which is
similar to the ASTM C 131/89 standard. This test is recom-
mended for the characterization of aggregates as it simulates
friction between particles and the breakage of FNS samples.
The tests were carried out using byproduct sizes between
9.5 and 19 mm. The byproducts (5 kg) were dried at 107 °C
for 24 h and then cooled to room temperature. After that,
the FNS samples were placed in a steel drum with eleven
steel spheres (approximately 4584 g). The drum was rotated
for 500 revolutions at a rate of 30-33 revolutions per min-
ute. After the 500 revolutions were finished, the byproduct
samples were separated from the steel spheres and then the

Table2 Summary of

Experiments Standard references

. Characterization
laboratory experimental tests
performed, including physical, Physical
environmental, durability,
chemical and mineralogical )
tests Environmental
Durability

Chemical and mineralogical

NBR 7181 [43]
NBR-NM 51 [44]

Particle size
Los Angeles abrasion

Leaching NBR 10005 [45]
Solubilization NBR 10006 [46]
Cycling NBR 12697 [47]

X-ray diffraction
Scanning electron microscopy
X-ray fluorescence
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crushed byproduct particles were sieved through a 1.7 mm
sieve. The quantity of FNS passing through the sieve, indi-
cated as a percentage of the original mass, is defined as the
LA abrasion resistance or percentage loss. 24 FNS samples
were collected from the three sampling regions in Fig. 1
(8 samples for each region or 2 samples for each sampling
point). The mean results of the LA tests for the three sam-
pling regions were summarized in bar plots.

Environmental characterization

To estimate the level of contamination of potentially toxic
elements, environmental characterization including leaching
and solubilization (dissolution) experiments were conducted
on byproduct samples. The leaching test followed the proto-
col established by the Brazilian standard NBR 10005 [45],
which is equivalent to the toxicity characteristic leaching
procedure (TCLP), detailed in the EPA method 1311 [48].
Chemical elements were determined by Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES, model
Optima 7300DV, Perkin-Elmer, USA). Solubilization tests
must be executed on non-hazardous byproducts to verify if
the material is inert or non-inert, that is, whether or not the
concentrations of the chemical elements, after solubilization,
are below than the recommended requirements for drinking
water quality, respectively. According to the Brazilian stand-
ard NBR 10006 [46], 250 g of crushed byproduct sample
were dissolved in 1000 mL of ultra-pure water. The mixture
then remained at rest and was manually stirred from time to
time for a period of 7 days. After this period, the sample was
filtered, and the filtered material was further examined by
spectrophotometric analysis. Based on the Brazilian standard
NBR 10004 [49], waste materials can be classified in three
different categories: class I (hazardous), class II A (non-
hazardous, non-inert) and class II B (non-hazardous, inert).
The last class represents the best possible classification for
a byproduct.

Material durability

Following the procedures outlined in the Brazilian standard
NBR 12697 [47], cycling tests were executed to evaluate the
behavior of the byproduct through accelerated weathering
cycling with ethylene glycol. This test method can detect
the presence of clay minerals in byproduct particles. The
presence of such clay minerals is associated with material
(generally rock) degradation during wetting and drying
cycles [50]. Ethylene glycol penetrates into the reticulated
structure of expansive minerals, such as smectite and ver-
miculite, causing expansion and fractures in the byproduct
particles that contain these minerals [51]. As a consequence,
this experiment can be used to analyze the durability of FNS.

@ Springer

The cycling tests involved 3-kg samples of byprod-
uct with fractions ranging between 75 and 19 mm (i.e.,
material passing through a 75-mm sieve and retained on
a 19-mm sieve). The weighed samples were then washed
in water to remove dust. The washed samples were dried
back in an oven to a constant mass before photographed
(Fig. 3). Next, the samples were soaked for 16 days in
ethylene glycol, and then they were carefully cleaned and
dried back in the oven. Finally, the quantitative metric of
this mechanical test is the change in mass of the byproduct
between the last weighing day (final cycle) in relation to
the initial weight (initial cycle). 12 FNS samples were col-
lected from the three sampling regions in Fig. 1 (4 samples
for each region or 1 sample for each sampling point). The
mean results of the durability tests for the three sampling
regions were visualized in bar plots.

Retained on 33-mm sieve
Sample number 490,/2018
Date: May 28, 2018
Cycle: initial

Retained on 33-mm sieve
Sample number 490/2018
Date: June 12, 2018
Cycle: final

Fig.3 FNS samples retained in a 38-mm sieve before (a) and after
(b) accelerated cycling with ethylene glycol. The test was completed
in 15 days
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Chemical and mineralogical characterization

The chemical composition of the powdered byproduct was
investigated using a wavelenght dispersive X-Ray Fluores-
cence (XRF) spectrometer. Mineralogical characterization
using X-ray diffraction (XRD) analysis was performed with
a Siemens D-5000 diffractometer, Cu Ka, , radiation (4
=1.5408 A), with voltage of 40 kV and amperage of 30 mA.
These samples were step-scanned from 3 to 70° (20) in
increments from 0.02° to 0.05° and time step of 1 s. The
XRD patterns were analyzed with the help of the DiffracPlus
EVA software (2009 version) using the International Cen-
tre for Diffraction Data (ICDD) database. Additionally, the
shape, angularity, and surface texture of the FNS particles
were analyzed using scanning electron microscopy (SEM).
The VEGA3 Tescan SEM with variable vacuum (high and
low), and double energy-dispersive X-ray spectroscopy
(EDS) system from Oxford Instruments was used.

Design of granular rockfill dike

A free-draining rockfill dike is specifically designed to retain
sediment, that is, to prevent water from transporting sediment
downstream from the mining site where it was installed, thus
reducing water turbidity. Dikes are installed in places that have
a high rate of sediment generation and where environmental
regulations restrict the release of sediments into water courses
or existing ecosystems. Figure 4 displays the main features of a
free-draining rockfill dike. Rockfill dikes differ from traditional
embankment dams for multiple reasons [39]. Most notably, the
structures are of small height (3—15 m), with a quite significant
length. Moreover, the dikes are designed to carry discharge
over their body (seepage). Because of these simpler charac-
teristics, execution costs, surveillance and maintenance are
usually minimal. The filter has the function of filtering water
and retaining silts in the reservoir, consisting of sand (between
0.08 and 3.5 mm) with an average permeability of 10~ m/s.
The filter is designed based on well-known empirical criteria.
To avoid abrupt changes between the silt and filter grain-size

transitions

Fig.4 Schematic overview of a free-draining rockfill dike. The
structure is specifically designed to simultaneously contain sediment
(retention criterion) and allow the rapid flow of water (permeability

rockfill

foundation

distributions, a transition layer is often designed. As illustrated
by solid black bands in Fig. 4, transition layers may be placed
to encapsulate the filter, which assists water filtration with a
granulometric range between 4 and 19 mm and an average per-
meability of 10~ m/s. Other transition materials can be placed
between quarry rocks and rockfill, supporting the granulomet-
ric range transition. These transitions have a granulometric
range between 75 and 250 mm and an average permeability
of 1072 m/s. After a period of time, silting may clog the void
spaces in the coarser (rockfill) material [52], thereby favoring
overtopping. Rockfill has the function of a permeable mas-
sif, helping in the water filtering process, and is thus consti-
tuted by aggregate in the granulometric range between 18 and
50 mm and with an average permeability of 10~> m/s. Quarry
rocks are used as a protection layer from extreme overflow
to downstream (overtopping), preventing damage to the rock-
fill in eventual spills. These protection rocks are composed
of aggregates in the granulometric range between 200 and
500 mm and with an average permeability of 107> m/s. In dry
periods, it is then possible to clean the sediments naturally
retained in the upstream face of the dike. In addition to regular
maintenance of the dike, quick land rehabilitation of upland
areas that provide notable amounts of eroded materials to the
dike might avoid frequent dredging services.

In summary, the dike works like a large (byproduct) filter,
sending cleaner water downstream. In this study, traditional
criteria for filter design were adopted [53, 54]. Those criteria
essentially consist of achieving two basic conditions. In the
first condition, also known as retention criterion, the grain size
of the filter should be small enough to retain the sediment. This
criterion is defined as

219 _y105

S(85)

(Condition 1) (D)

where Dg 5, is the diameter through which 15% of filter
material will pass and Dggs) represents the diameter through
which 85% of sediment will pass. The second criterion, also
referred to as permeability condition, suggests that the grain

quarry rock

overtopping

.

seepage
__seepag

p=

criterion). While the filter prevents migration of fine soil particles
into the coarse (rockfill) material, water can flow through both seep-
age and overtopping
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size of the filter should be large enough to enable a fast dis-
charge of water, given as follows

l)F(IS)

>4to5 (Condition 2) 2)
S(15)

where Dy 5, is the diameter through which 15% of sediment
material will pass.

Results and discussion
Physical characterization

Figure 5a shows the particle size distribution curves of
the 12 byproduct samples at locations 1 (light blue), 2
(medium blue) and 3 (sky blue). The results demonstrate
that the particle size distributions of the investigated FNS
are relatively similar, ranging from 0.01 to 37.50 mm.
Sample S1-D (see Fig. 1) showed a higher presence of
fines (24.3%) and sample S2-B exhibited greater gravel
content (64.3%). The byproduct has predominantly higher
contents of sand (29.5%) and gravel (53.4%), followed
by silt (15.2%) and a low percentage of clay (1.9%). The
mean particle size curves for each location are depicted
in Fig. 5b and agree nicely with the mean curve for all
samples, represented by the red line. Furthermore, the
mean particle size curve is quite similar as those of other
slag byproducts (e.g., [55, 56]). Table 3 summarizes the
relevant granulometric indexes for each sampling loca-
tion, including the grain-size diameters D, D5, and Dy,
the maximum particle size (D,,,,), the coefficients of uni-
formity (C,) and curvature (C,), and the fineness modu-
lus (F,,). D¢ values varied between 25 and 37.50 mm
between all samples (with an average of 28.13 mm). The
values of C,, C., and F,, listed in Table 3 reflect a non-
uniform (well graded) material and agree with values pre-
viously presented in the literature [8]. This result can be
explained by the fact that the samples were not crushed
and that no grain selection was executed prior to physical
characterization.

Los Angeles test results are shown in Fig. 6 for each
sampled location. The mean abrasion resistance below
30% is relatively low and fairly close to igneous rocks
such as granites and Basalts (e.g., [57, 58]), likely due to
the high contents of SiO, existing in FNS (see, e.g., [5,
17, 59]). A similar result was obtained by [60], who found
a Los Angeles abrasion value of 25.8% for an alluvium
aggregate of a rockfill dam located in China. Yet, since
FNS is quickly air-cooled, its high content of amorphous
and vitreous mineral [5] might significantly affect the
abrasion resistance of the aggregate.

@ Springer
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Fig.5 Particle size distribution curves of the FNS samples. The top
plot (a) highlights results obtained with 12 byproduct samples at
locations 1 (light blue), 2 (medium blue) and 3 (sky blue). The bot-
tom plot (b) shows results found for the mean particle size curves
of each location. The solid red line in the bottom plot represents the
mean grain-size curve for all byproduct samples

Leaching and dissolution tests

Tables 4 and 5 list summary data of the dissolution and
leaching tests, respectively. From the reported data, it was
observed that the average concentrations of the chemi-
cal elements appear unaffected by the sampling location.
Moreover, these concentration values are lower than the
maximum requirement of Brazilian standards [45, 46] as
shown in the last columns of both tables. Exceptions are
concentrations of iron and surfactants sampled at location
2 (Table 4). Thus, because of its iron and surfactants con-
tents above the standard limits, the byproduct investigated
is classified as Class II A (non-hazardous and non-inert).
In Brazil, similar findings have been previously reported
by [61], who observed concentrations of iron and phenols
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T?bl‘_a 3 .Summary of grain-size Samples  Grain size (%) D, Dy, Dy D,.x. C, C, F,
distribution and parameters of :
the FNS samples Gravel Sand  Silt Clay (mm) (mm) (mm) (mm)
S1-A 58.5 258 141 1.7 0.032 040 5.6 25.0 175.0 09 4.02
S1-B 54.1 279 163 1.7 0.028 0.30 5.4 25.0 192.9 0.6 3.86
S1-C 63.2 26.5 95 038 0.600  6.00 10.3 375 17.2 58 533
S1-D 337 420 213 3.0 0.015 0.08 2.0 25.0 133.3 02 294

Mean 524 30.5 15.3
S2-A 53.2 28.0 16.9
S2-B 64.3 24.0 10.1
S2-C 55.0 29.5 14.9
S2-D 48.8 32.5 16.7
Mean 55.3 28.5 14.6
S3-A 53.0 27.3 15.8
S3-B 56.3 27.6 14.1
S3-C 46.3 34.0 19.0
S3-D 54.2 29.9 14.0
Mean 52.5 29.7 15.7

1.8 0.015 0.08 2.0 37.5 - - -

1.9 0.021  0.20 54 25.0 257.1 04 3.76
1.6 0.080 4.50 7.4 25.0 925 342 525
0.6 0.026 0.30 6.7 375 257.7 0.5 4.08
2.0 0.027 0.21 4.0 25.0 148.1 04 352
1.5 0.080 0.20 4.0 375
4.0 0.018 0.20 5.5 25.0
2.0 0.040 1.20 7.0 25.0
0.7 0.032 0.16 6.2 25.0 193.8 0.1 413
2.0 0.039 095 7.0 375 179.5 33 477
22 0.032 0.16 5.5 375 - - -

305.6 04 378
175.0 51  4.69

S
o

w
S
:
e
-

Los Angeles Abrasion (%)
= S

0 s ‘
1 2

Location

Fig.6 Los Angeles abrasion test for each sampled location. The
dashed red line indicates the mean value

of dissolved LD slag greater than the upper limit of the
standard reference. However, as the byproduct must be
crushed prior to dissolution tests according to the stand-
ard NBR 10006 [46], applications of FNS as coarse road
aggregate and as rockfill dike material should not be an
environmental concern. Dissolution tests for the classifi-
cation of solid waste are performed on samples crushed
in a range of less than 0.9 mm. However, the byproduct
used in-situ is not crushed but is coarse instead, indicat-
ing that there is no elution problem. Furthermore, heavy
metals like barium, cadmium, chromium, and lead showed
relatively low leachability, with concentrations that were
far below the permissible limit (Table 5). The findings

Table 4 Summary of dissolution tests for FNS

Chemical elements Average concentration (mg/L) Upper
limit
(mg/L)
Location 1 Location 2 Location 3 [48]
Aluminum 0.058 0.098 0.100 0.2
Arsenic 0.005 0.006 <0.005 0.01
Barium 0.045 0.077 0.043 0.7
Cadmium 0.001 <0.001 <0.001  0.005
Lead 0.009 <0.005 0.009 0.01
Cyanide <0.001 <0.001 <0.001 0.07
Chromium <0.003 <0.003 <0.003  0.05
Phenols <0.001 0.002 0.002 0.01
Fluoride 0.98 0.33 0.78 1.5
Mercury <0.0002 <0.0002 <0.002 0.001
Nitrate 0.075 0.850 0.175 10
Silver 0.002 0.008 0.007  0.05
Chloride 7.63 9.13 6.00 250
Copper 0.090 0.087 0.087 2
ITron 0.02 0.84 0.25 0.3
Manganese 0.008 0.067 0.016 0.1
Sodium 2.08 2.45 242 200
Surfactants 0.20 0.61 0.09 0.5
Sulfate 35.68 24.41 16.65 250
Zinc <0.02 <0.02 <0.02 5

thus agree with several others, which through leaching
tests, reported that slag byproducts have a non-hazardous
nature [62-64].
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Table 5 Summary of leaching tests for FNS

Table 7 Chemical composition (%) of FNS by XRF tests

Chemical elements Average concentration (mg/L) Upper
limit
(mg/L)

Location 1 Location 2 Location 3 [48]

Barium 0.236 0.254 0.184 70

Cadmium 0.001 0.001 0.001 0.5

Chromium 0.755 0.536 0.527 5

Lead 0.009 0.009 0.010 1

Table 6 Mineralogical phases in FNS by XRD analyses

Group Mineral Chemical formula

Silicates Akermanite Ca,MgSi,0,
Albite NaAlSi;Oq4
Gismondine CaAl,Si,04 - 4H,0
Olivine (Mg, Fe),SiO,
Quartz SiO,

Oxides Ni/Cr Oxides NiO, Cr,0;
Hematite, Maghemite  Fe,O;
Periclase MgO

Sulfur phases  Fe/Ni Sulfate FeSO,, NiSO,(H,0),

Sulfur S
Clay minerals  Kaolinite Al,Si,05(OH),
Tlite 3K,0 - 11A1,05 - 26Si0,
- 8H,0
Goethite FeO(OH)

X-ray diffraction and fluorescence

Table 6 highlights the chemical characteristics of FNS used
in this work obtained by X-ray diffraction (XRD) analyzes.
Silicates comprise a major portion of the mineral fraction;
oxides, clay minerals and sulfur phase are secondary groups.
Kaolinite, illite and goethite were observed only in three of
the twelve sampling points in Fig. 1. This finding is con-
sistent with our weathering test data, which demonstrate
relatively low changes in mass after cycling, indicating the
absence of potential expansive minerals (to be supported
here later by cycling tests).

The main chemical components of FNS obtained by XRF
tests are outlined in Table 7. The percentages listed summa-
rize the mean values of the chemical compounds for each
sampling location. XRF tests performed at all locations of
the stockpile indicated quite similar chemical compositions,
predominantly with silica (SiO,)—49.07%, magnesium
oxide (Mg0)—29.05% and ferric oxide (Fe,0;)—15.57%.
Several observed similar chemical compositions of the FNS
[8,9, 19, 20, 65]. However, the MgO and CaO contents dif-
fer substantially from previous studies [10, 27], arguably
due to the distinct origins of raw materials and smelting
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Location 1 Location 2 Location 3
MgO 29.42 29.01 28.73
AL O, 2.39 2.64 2.75
SiO, 49.26 48.76 49.18
CaO 0.62 0.53 0.43
MnO 0.34 0.36 0.27
Fe,04 15.27 26.0 15.34
SO, 0.07 0.05 0.12
Other 4.4 1.3 3.18
0.08 . ; .

X 006 mean ]

? l

n

g __________

= 0.04 + 1

)

o0

g

= 0.02 - 1
@)

0 . .
1 2
Location

Fig. 7 Results of ethylene glycol accelerated weathering test

techniques during the extraction of ferronickel alloys [7].
The high MgO content might influence the expansive behav-
ior of the byproduct. The occurrence of free periclase MgO
in FNS samples demonstrates a potential for expansive
hydration reactions [38]. Although the expansion potential
is not a particular problem to be considered in the case of
the proposed free-draining dike, one should be particularly
careful, however, not to use this byproduct for the applica-
tion in pavement layers since its use enhances the chances
of expansion. Yet, the FNS described here might be success-
fully applied as a road material using blended soil-byproduct
mixtures [28, 56]. This investigation is a current ongoing
research project at the Federal University of Ouro Preto.

Cycling

Accelerated weathering cycling tests with ethylene glycol
(Fig. 7) demonstrate that the byproduct does not undergo
premature disaggregation in the presence of water for all
sampled locations. The results show a mean change in
mass of 0.05%, thereby indicating no evidence of cracking,
disintegration, or chipping. For instance, informal visual
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inspection of FNS samples (Fig. 3) suggests that the shape
of the byproduct is hardly changed after cycling tests. This is
an important finding in that it reflects the lack of expansive
minerals in the FNS. Furthermore, the low levels of CaO
identified in the XRF and XRD tests, nicely agree with the
cycling test results. Indeed, excessive free lime content is
considered the primary culprit that can lead to premature
expansion and disintegration of slag byproducts and, con-
sequently, loss of strength [66, 67]. Here, the accelerated
weathering cycling tests showed no particle size reduction
and therefore no fine particle generation. As a result, this
leads to a reduction in clogging probability, inspiring confi-
dence in our proposal to use FNS as a free-draining rockfill
dike. Yet, mechanical properties of the dike material, such
as hydraulic conductivity and piping resistance are not dis-
cussed in this paper, and thus more focused studies of these
mechanical properties of FNS may be worthwhile.

Scanning electron microscopy

SEM images of representative FNS samples have indicated
regions with two distinct microstructures (Fig. 8). The first
region has a massive matrix (a) with micropores between
non-crystallized phases and few empty embedded air pores
(spherical aspect in Fig. 8b), morphologies that agree with
previous investigations (e.g., [9, 17]). Such voids are likely
formed during the cooling of the slag. The second region
has a macroporous matrix with a variety of poorly (c) to
very well crystallized phases (d). These well crystallized
phases include minerals such as olivine, pyroxene and feld-
spar. Air pores do not have a homogeneous pattern. Parts of
the samples have a high concentration of air pores, while
other parts are massive and exhibit only dispersed air pores.
Rare phase agglomerations, such as aragonite (CaCO;) and
iron oxyhydroxides, with dimensions of 5 pm, were also
observed in pores. Some samples had a cemented crust with
rare micropores, composed of a higher concentration of the
chemical elements iron (Fe), chromium (Cr) and manganese
(Mn). This pattern is illustrated in Fig. 9, with a detailed
SEM image of a Fe-concentrated crust.

Ferronickel slag granular filter

FNS thus far have demonstrated excellent durability perfor-
mance and favorable environmental characteristics, a fact
that encouraged us to design its reuse as a granular rockfill
dike. To give a better understanding of the practical nature
of the present paper, we next illustrate in Fig. 10, the grain-
size distribution of the different components of a rockfill
dike (top) and their corresponding zones in a conceptual
cross section. These include the body of the dike (rockfill),
a sand filter, quarry rock at the dam crest, two transition
layers, and the sediment to be retained. In this work, FNS

is indicated for rockfill and transition layers. To simplify
the graphical interpretation, the colors of each particle size
range in the top panel display the same color scale as those
of the dike (bottom panel). Based on the grain-size curves
of the sediment, grain-size curves of suitable filter mate-
rial were proposed using the empirical relations of Egs. 1
and 2. For example, consider the lower bound of the sedi-
ment particle size distribution. Then, from Fig. 10, Dgy5)
and Dggs) are 0.001 and 0.011 mm, respectively. Accord-
ingly, considering the lower bound of the filter (sand) par-
ticle size distribution, D ;s is 0.15 mm. Thus, the value of
Dyy5¢/Dgss) is 1.36 (Eq. 1) and Dy 5/Dg;5 is 150 (Eq. 2),
which satisfy conditions 1 (retention) and 2 (permeability)
of the traditional criteria adopted herein. The same exercise
is also performed for the upper bounds of the particle size
distributions. Once the particle size distribution of the filter
is defined, the transitions, rockfill, and quarry rock layers are
estimated in a similar way.

The grain-size characteristics of the investigated byprod-
uct enable its use not only as a rockfill but also as transition
materials. Note that if the grain size of the sediment changes,
the design of the dike needs to be reassessed. As outlined
in Fig. 10 (bottom), the proposed cross section illustrates
that a considerable amount of FNS could be used for the
construction of dikes. Yet, as the particle size distribution
curves of the investigated samples (Fig. 5a) were found to
vary, care should be exercised to select the appropriate mate-
rial. Indeed, FNS samples evaluated in Fig. 5 were obtained
directly from the company’s stockpile, that is, they did not
undergo any granulometric selection. Therefore, an in-situ
soil separation plant should be an effective way to properly
adjust the FNS granulometric ranges. A smaller amount of
other natural materials could be used to compose the filter
(sand) and the dike crest (quarry rock), since much effort
would be required to adjust the FNS granulometry to those
of the filter and quarry rock. As a consequence, FNS, an
environmentally friendly and cost-free material, could make
mining and metallurgical companies far more sustainable.

Figure 10 proposes a cross section with different mate-
rials for the filter, transitions, and crest of the dike. The
rockfill dike could be built with FNS without grain-size
separation. This would reduce the construction costs at the
expense of increased maintenance costs. The probability of
clogging would arguably be higher, since the absence of a
filter would facilitate the clogging of the dike's interior, thus
increasing maintenance costs. In contrast, the use of a filter
and transition layers will not prevent possible clogging, but
it would facilitate filter replacement, thus reducing mainte-
nance costs. In summary, granulometric separation of the
FNS stockpiled is a condition of the rockfill dike design, as
proposed in Fig. 10. More studies and monitoring are needed
to establish whether the proposed free-draining rockfill dike
will provide a satisfactory operational life.
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Fig.8 SEM images of FNS: a massive region, b embedded air pore, ¢ macroporous region with poorly formed to very well crystallized phases,

and d detail of well crystallized phases

It is estimated that about 50,000 m® of byproduct could
be used in the construction of a dike in a nearby watershed,
representing a 2.77% reduction in the current volume stock-
piled. However, the company's large industrial area allows
the construction of up to 25 dykes, which can reduce the

@ Springer

current volume of the byproduct stocked by approximately
70%. This illustrates the potential contribution of the FNS
to the promotion of sustainability in mining sites. Fur-
thermore, the reuse of this byproduct within mined areas
reduces greenhouse gas emissions related to transportation,
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thus enabling a cleaner production in the mining and met-
als sector. Interestingly, during the maintenance of the dike,
another sustainable measure can still be implemented. Sed-
iments retained in the upstream face of the rockfill dike,
and the deteriorated filter and transitions can be reused by
removing the fine silt, for example, through an in-situ soil
separation plant. As the silt from the site tends to be rich in
nickel and iron, this material can be reused in the iron-nickel
alloy enrichment process. While the costs of implementing
an FNS separation structure are not high for global compa-
nies, smaller companies must evaluate the construction of
the separation plant in a multi-objective approach, consider-
ing technical, economic, and environmental trade-offs.

Comparison with natural aggregate rockfill
materials

To provide more insights on the characteristics of rockfill
dike materials, consider Table 8, which lists the physical
properties of samples from different studies [68—70]. These
data include engineering properties of granite, gneiss and
basalt used in rockfill dams, and allow us to compare the
properties of the investigated byproduct (last column) against
other common crystalline rocks from Brazil. The high C,-
value of the byproduct reflects the non-uniform nature of its
particles. Similarly to natural aggregates selected in quar-
ries, a careful separation of grain size must be carried out
before using the byproduct. One should notice that the diam-
eter values of the listed natural rocks used in rockfill dams
are greater than the maximum diameter of the byproduct. If
a larger size material is required for a free-draining rockfill
dike (e.g., protection under overtopping conditions), then it
is convenient to use quarry rock (Fig. 10). The higher spe-
cific gravity of the FNS is attributed to its high iron oxide
content [38]. Although Los Angeles abrasion is a measure
that varies greatly depending on the mineralogical charac-
teristics of geomaterials, the behavior of FNS was similar

to that of natural aggregates. The same holds true for water
absorption, change in mass and UCS values, which makes
the material suitable to be used as a rockfill dike. Similar
results were obtained by [67], who found that basic oxy-
gen furnace slag aggregates exhibit superior physical and
mechanical characteristics compared to most natural rocks.

Conclusions

This study investigated the feasibility of using ferronickel
slag as free-draining rockfill dike materials for mining sedi-
ment control. Sediment control and waste management have
long been a challenge in nickel producing regions. The use
of FNS in dikes, with an adequate granulometric selection,
compatible with the grain size of the silts, represents a prom-
ising waste solution for the ferronickel sector and the value
chains of stainless steel and other derived products. Based
on a series of laboratory tests involving physical, environ-
mental, material durability, chemical and mineralogical
characterization, the following conclusions were drawn:

e Physical characterization revealed that particle sizes
of the FNS are distributed over a wide range, requiring
grain-size separation before use. Based on these granulo-
metric characteristics, the material was considered suita-
ble as rockfill and transition layers in free-draining dikes.
The mean abrasion resistance below 30% is relatively low
and similar to aggregates used in rockfill dams.

e Laboratory investigations did not indicate environmental
problems. Indeed, the average concentrations of chemi-
cal elements after leaching and solubilization tests were
below standard requirements. This is an important find-
ing since the non-hazardous FNS would work as a water
filter, partially submerged depending on rainfall.

e Accelerated weathering cycling tests with ethylene glycol
revealed excellent durability, since no expansive minerals

Table 8 Engineering properties

. Property Basalt® Gneiss® Granite® Weathered Basalt® This work

of different rocks used as basalt®

(natural) rockfill materials
C, 5.1 n.ad n.a 1.12 1.12 177.3
C, n.a n.a n.a 2.7 2.7 43
D, (mm) 76 25-150 25-200 152 152 28
Los Angeles (%) n.a 57-63 22 n.a n.a 27
Specific gravity 2.8 2.5 2.6 1.8 1.8 33
Water abs. (%) 0.5 0.4-11 0.4 n.a n.a 1.2
UCS (MPa) 292 47-57 160-180 238 180 139
Change in mass (%) n.a 0.03 n.a n.a n.a 0.05

The values reported in the literature include data from basalt, granite and gneiss. The last column lists
properties of FNS, the byproduct investigated in this work

2[68], °[69], °[67], “Not available
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were identified that could indicate premature disaggrega-
tion of FNS in the presence of water.

e XRD analyzes indicated that FNS is mostly composed
by silicates, and oxides and sulfur phase are secondary
mineral groups. XRF tests revealed that SiO, (49.07%),
MgO (29.05%) and Fe,05 (15.57%) are the main chemi-
cal components of the byproduct. SEM images confirmed
these findings and demonstrated the massive and crystal-
lized nature of the byproduct, with embedded air pores.

e FNS has different grain-size ranges, small enough to
prevent the transport of sediments through the dike and
sufficiently large to offer drainage, thereby enabling its
(re)use as a free-draining granular rockfill dike, reducing
its current volume stockpiled.

e The proposed waste solution for mining regions should
honor, however, technical, economic, and environmen-
tal trade-offs, as reuse of FNS requires construction and
operational costs.
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