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Abstract

L3 ]

This study inves‘ated ffects of sOUTUM hydroxide activation and ground granulated blast-furnace slag addition
i d compressibility of iron ore tailings. The novelty of the study lies in the integrated

on the mechanical beh
evaluation of Nal

undrained tri
scanning electr;
after d

co to 9% increased the peak deviator stress from 1,265 to 5,824 kPa. Extending curing from 7 to 28 days
incr e peak deviator stress of the specimen containing 9% GGBFS and 1 M NaOH from 1,816 to 6,260 kPa.
The mum apparent cohesion and friction angle were approximately 750 kPa and 51.61°, respectively. The

compression and unloading indices decreased from 0.651 and 0.032 in the untreated specimen to 0.032 and 0.007 in
the mixture containing 3 M NaOH and 9% GGBFS. SEM observations showed broader particle contacts and more
continuous regions in the stabilized specimens, particularly in the mixture containing the higher GGBFS content. The

combined treatment increased strength and reduced volumetric deformation.

Keywords: granulated blast-furnace slag, iron ore tailings, one-dimensional consolidation, sodium hydroxide ,
unconsolidated-undrained triaxial test

contents of 0, 3, 6, and 9 wt.% were investigated. Standard compaction tests, unconsolidated
under confining pressures of 100, 200, and 300 kPa, one dimensional consolidation tests, and
croscopy were conducted. The triaxial specimens were tested at their as cured moisture condition
s of curing. At a confining pressure of 200 kPa and a NaOH concentration of 5 M, increasing GGBFS
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EXTENDED ABSTRACT

Background

The expansion of mining and mineral-processi
in tailings dams or disposal facilities for extende
management and monitoring. Reuse in ciy§l and geote

ies has ated large quantities of iron ore tailings, commonly stored
. Thefft accumulation requires substantial storage areas and long-term
ical engineering may reduce stored volumes, but direct application is
often limited by insuﬁi:e shear resistarige and e ive deformation under loading. The engineering behavior of iron ore
tailings depends on p éize distribution\gi ical composition, specific gravity, initial void ratio, moisture condition,
and degree of compactioWrine paagicles and li interparticle bonding may restrict their use as embankment fill, foundation
material, structural backfill, de, requiring improvements in shear resistance and volumetric stability. Chemical
stabilization with cement or li commonly used to improve soils and industrial residues, while reactive industrial by-
or supplementary binders. Ground granulated blast-furnace slag (GGBFS), containing
m-bearing components, can participate in alkaline activation, while sodium hydroxide (NaOH)
and facilitates dissolution of reactive components, promoting progressive hardening. The
ali-activated mixtures depends on activator concentration, reactive precursor content, liquid content,
curing period, and stress state. Increasing NaOH concentration may enhance activation, but its
rength is not necessarily linear. Likewise, the contribution of GGBFS depends on system alkalinity and
curing time. te growing interest in alkali-activated binders, the combined effects of these variables on the triaxial strength
and one-dimensional compressibility of actual iron ore tailings remain insufficiently understood.

calcium-, silicon-, an
increases system alkalj

Objective

This study evaluated the effects of NaOH concentration and GGBFS content on the compaction characteristics, triaxial
response, apparent total-stress shear parameters, and one-dimensional compressibility of iron ore tailings, together with the
effects of curing period and confining pressure. The novelty lies in the integrated assessment of NaOH concentration, GGBFS
content, curing period, and confining pressure within a unified experimental program. Particular attention was given to peak
deviator stress, apparent total-stress cohesion and friction angle, compression index, and unloading index, enabling
simultaneous evaluation of strength development and one-dimensional compressibility.

Materials and Methods
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Iron ore tailings collected from the Sork mining area in Yazd Province, Iran, were used as the base material and dried at 60 +
2 °C for 72 h to minimize variations in natural moisture content. Their physical properties, including Atterberg limits, specific
gravity of solids, and standard compaction characteristics, were determined, and the material was classified as low-plasticity
clay (CL) according to the Unified Soil Classification System. GGBFS was used as the supplementary reactive material and
NaOH as the alkaline activator. The chemical compositions of the untreated tailings and GGBFS were determined by X-ray
fluorescence analysis. The tailings contained substantial silica, iron oxide, and alumina, whereas GGBFS contained higher
proportions of calcium oxide, silica, and alumina. Chemical characterization was limited to the raw materials and was not used
to identify reaction products in stabilized specimens. NaOH concentrations of 0, 1, 3, and 5 M and GGBFS contents of 0, 3, 6,
and 9 wt.% of total dry solids were investigated, with distilled water used for the 0 M condition. Standard compaction tests
were conducted according to ASTM D698 to determine maximum dry unit weight and optimum moisture content. Cylindrical
specimens 38 mm in diameter were prepared for unconsolidated-undrained triaxial testing. The specimens were initially
compacted to a height of 120 mm and trimmed to a final height of 80 mm. The required dry mass was calculated from specimen
volume and the corresponding maximum dry unit weight, and specimens were prepared at 100% relative compaction. The total

triaxial tests were performed according to ASTM D2850 under confining pressures of 100, 200, and
tested at their as-cured moisture condition without prior saturation or consolidation, using a constant axi
1 mm/min. Because pore-water pressure was not measured, Mohr—Coulomb shear parameter e apparent

solidation tests wer r;:%d according to

cohesion and apparent friction angle in terms of total stress. One-dimensional
ASTM D2435/D2435M on separately prepared specimens with a diameter of
content of 13.2%, and initial void ratio of 0.945. Specimens were submerged for 24
200, 400, and 800 kPa were applied for 48 h at each stage, followed by unloading to 4

B initial moisture
rtical stresses of 100,

, final height of
ore successive

from the unloading path. Selected untreated and stabilized specigens were also
including untreated tailings, tailings activated with 5 M NaOH #fthout G
and 9 wt.% GGBFS. The surfaces were gold-coated aRd imag‘ usi anning electron microscope in secondary
electron mode at 16 kV. SEM observations were used f alitative co of particle morphology, interparticle spaces,
particle contacts, and local structural continuity, without ideRgifyi j

Results

Increasing GGBFS content from 0 to 9 wt.% reduced the maximuniiliiry unit weight from 21.09 to 20.30 kN/m?3 and increased
gravity of solids decreased from 3.25t0 3.17, indicating
reased the peak deviator stress of slag-free specimens at
d smaller additional gains at 3 and 5 M. GGBFS produced
a greater strength increase, particularly at higher oncentrations. At 200 kPa and 5 M NaOH, increasing GGBFS from
0 to 9 wt.% raised the peak deviator 5 to 5,824 kPa. The highest value among 7-day specimens was
approximately 6.9 M 9 wt.% GGB aOH at 300 kPa. Peak deviator stress also increased with confining
pressure. Curing sign y enhanced str M NaOH and 200 kPa, extending curing from 7 to 28 days increased
peak deviator stress froMappro 2,150 kPa for 3 wt.% GGBFS and from 1,640 to 3,780 kPa for 6 wt.%
GGBFS. The largest increase 0 at 9 wt.% GGBFS, from 1,816 to approximately 6,260 kPa. Apparent total-stress shear
parameters also increasedyvith and GGBFS content. Apparent cohesion increased from approximately 80 to 750 kPa,
while the appar jstion & creased from 21.18° to 51.61°. Because pore-water pressure was not measured, these values
represent apparent tota rather than effective-stress parameters. One-dimensional consolidation results showed reduced
compressibility. The c ession index decreased from 0.651 in the untreated specimen to 0.281 with 5 M NaOH and no
GGBFS, an th .032 with 3 M NaOH and 9 wt.% GGBFS. The unloading index similarly decreased from 0.032 to
0.007. SE ations showed irregular plate-shaped particles and visible interparticle spaces in untreated tailings, whereas
NaOH activ creased local particle aggregation and contact. At 3 M NaOH, increasing GGBFS from 3 to 9 wt.% produced
smoother surf@es and more continuous regions between particles. These qualitative observations were consistent with
increased triaxial strength and reduced one-dimensional compressibility, although SEM alone could not identify the chemical
nature of the reaction products.

Conclusion

The results showed that NaOH activation and GGBFS addition improved the mechanical response and reduced the one-
dimensional compressibility of iron ore tailings. NaOH alone increased peak deviator stress, particularly from 0 to 1 M, while
GGBFS produced greater strength gains that became more pronounced at 3 and 5 M NaOH. The highest peak deviator stress
was obtained with 5 M NaOH and 9 wt.% GGBFS, whereas the lowest compression and unloading indices in the separate
consolidation series occurred with 3 M NaOH and 9 wt.% GGBFS. Longer curing substantially increased strength, especially
at higher GGBFS contents. Apparent total-stress cohesion and friction angle also increased after treatment, but because pore-
water pressure was not measured, these parameters cannot be interpreted in terms of effective stress. SEM observations
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provided qualitative evidence of increased particle contact and structural continuity, consistent with strength development,
progressive hardening, and reduced particle rearrangement. However, because reaction products were not directly identified,
these improvements cannot be conclusively attributed to specific reaction phases. Overall, combined NaOH activation and
GGBFS addition improved the geotechnical performance of iron ore tailings, although long-term durability, wetting—drying
response, effective-stress behavior, and field-scale performance require further investigation before practical implementation.
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