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The dumping of mining waste occupies extensive areas of land and poses
environmental hazards, including heavy metal leaching, dust pollution, and slope
failure. Iron mine overburden (MO), a byproduct of iron mining, exacerbates these
issues when dumped. To address the challenges of storing MO, it was combined with
fly ash and cement to develop controlled low-strength material (CLSM). Initially, the
raw materials were examined for their physical, chemical, and mineralogical
properties. Subsequently, 24 different CLSM mixtures were prepared by varying
cement, fly ash, MO, and water-to-binder ratios. The fresh mixes were tested for
flowability, bleeding, and fresh density, while the hardened properties, including
density, unconfined compressive strength (UCS), and durability, were also evaluated.
Results showed that all CLSM mixes were highly flowable, with flow diameters
exceeding 150 mm, and some exhibited self-leveling behavior. The 28-day
compressive strength ranged from 0.52 MPa to 4.28 MPa, with a few mixes being
soft enough for manual excavation. Durability tests indicated that approximately
60% of the mass remained intact after eight wet-dry cycles, demonstrating good
resistance to erosion. This study highlights the potential for utilizing mining waste in
sustainable construction materials.

1. Introduction

Mine overburden is a waste material that is
available above the mineral deposit. In open-cast
mining, the overburden must be removed to access
the mineral deposits. The mine overburden mostly
consists of rock and soil with varying particle sizes.
Storage of mine overburden poses environmental
challenges due to heavy metal leaching [1] and is
also susceptible to slope instability issues [2],
which further exacerbate these problems. Several
researchers have examined the impact of mine
overburden dumping on slope stability [3, 4].
Various techniques, such as biogeochemical
methods and adsorption methods, have been
employed to mitigate environmental problems
caused by the storage of mine overburden [5-7]. To
reduce pollution from sulfur and toxic metals,
segregating materials before dumping has been
identified as an effective approach [8]. However,
these safe dumping techniques for mine
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overburden are unable to resolve the storage
problem, which consumes large areas of land. To
address this, several researchers have explored the
potential applications of mine overburden in the
construction industry. A mixture of mine
overburden, fly ash, and cement (4—7%) has been
found to be an effective pavement material [9].
Coal mine overburden can also be used for
underground mine backfilling, offering a
sustainable solution [10]. With an unconfined
compressive strength (UCS) ranging from 0.3 MPa
to 8.3 MPa [11], controlled low-strength material
(CLSM) meets the strength requirements for
geotechnical applications. Additionally, CLSM
offers several advantages over conventional
compacted soil, including self-leveling and self-
compacting properties that reduce heavy
equipment costs, accelerate construction, and
enable use in confined spaces [12]. These benefits
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have increased interest in developing CLSM from
industrial waste for applications such as grouting,
backfilling, and pavement bases [13—15]. Various
waste materials, including fly ash, slag, red mud,
and mine waste, have been successfully
incorporated into CLSM [16-22]. Although iron
mine overburden has been studied for use in
construction industries, its potential for CLSM
development remains unexplored. Conversely, the
heavy reliance on natural soil for backfilling and
embankment construction leads to resource
depletion. To address concerns related to mine
overburden handling and natural resource
conservation, this research investigates the
potential utilization of iron mine overburden. The
study aims to develop CLSM using iron mine
overburden in combination with fly ash and
cement. Key properties such as flowability,
bleeding, density, UCS, water absorption, and
durability are evaluated. Self-leveling behavior
was assessed via the relative flow area (RFA),
while excavation feasibility was determined
through 28-day UCS and density measurements.
By incorporating iron mine overburden into
CLSM, this research seeks to manage waste
effectively =~ while  promoting  sustainable
construction practices.

2. Materials and Methodology
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The iron mine overburden (MO) used in the
present research was obtained from the TRB iron
ore mine situated in the Tensa valley in the
Sundargarh district of Odisha, India. The fly ash
was collected from Jindal Power Limited, Raigarh,
India. For the development of CLSM, iron mine
overburden was used as aggregate, whereas the fly
ash with ordinary Portland cement of grade 53
(OPC 53) was used as the binder material. The iron
mine overburden and fly ash were dried in an
electric oven at 100°C to 105°C for 24 hours before
being used in the CLSM. Initially, the waste
material was characterized considering its
morphology, surface chemistry, mineralogy, and
physical properties. The morphology and surface
chemistry were analyzed using a scanning electron
microscope (SEM) equipped with an energy-
dispersive ~ X-ray  (EDX)  microanalyzer.
Mineralogical composition was examined through
X-ray diffraction (XRD) analysis with CuKa
radiation, covering a 20 range of 10° to 70° at a
scanning rate of 4°/min. Figure 1 presents SEM
images of iron mine overburden and fly ash ata 100
pum scale. The fly ash (Figure 1a) is predominantly
composed of spherical particles, likely
cenospheres, while MO (Figure 1b) contains solid,
irregular-shaped particles in platelike structures.
Similar observations for fly ash particles [23-25]
and coal mine overburden [5, 26] have been
reported by earlier researchers.

EHT=2000kV  Signal A= SE1 Date: 18 Feb 2025
WD=10.17mm  Mag= 250X RAIGARH Time: 11:56:25

Figure 1. SEM image of (a) fly ash and (b) iron mine overburden

The surface chemistry of both materials, such as
fly ash and iron mine overburden, was analyzed
across a specified area, with the results summarized
in Table 1, while the corresponding EDX spectra
are displayed in Figure 2a and Figure 2b for fly ash
and iron mine overburden, respectively. According

to Table 1, the fly ash surface consists of 52.2%
oxygen along with 26.8% silica and 17.9%
aluminum (Table 1), which is very similar to the
results observed by earlier researchers [23, 25], and

can also be observed with an intense peak in Figure
2a.
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Figure 2a. EDX of fly ash
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Figure 2b. EDX of iron mine overburden

The EDX result of iron mine overburden
reflects that oxygen (51%) is the most prevalent
element at the surface of the iron mine overburden,
followed by silica (17.4%), carbon (14.7%), and
aluminum (10.3%). Additionally, minor amounts
of potassium (4.7%), magnesium (1.3%), and iron
(0.6%) were also detected, which is further
supported by the EDX micrograph in Figure 3a.

Furthermore, the mineralogy of the iron mine
overburden and fly ash is presented in Figure 3 in
the form of an XRD graph. An intense peak of
silica can be observed in fly ash, whereas a strong
peak of muscovite, a mineral containing silica,
iron, and aluminum, can be observed in the iron
mine overburden. The strong peak of silica

"7

compound confirms the abundance of silica in
these materials, as also observed in surface
chemistry (Table 1).

Table 1. Surface chemistry of MO and fly ash

Element MO (% weight) _ Fly ash (% weight)
C 14.7 -
() 51 52.2

Mg 1.3 0.7
Al 10.3 17.9
Si 17.4 26.8
Ca - 0.3
Fe 0.6 -
P - 0.6
S - 0.5
K 4.7 1.2
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Figure 3. XRD graph of (a) fly ash, and (b) iron mine overburden

In fly ash, aluminum exists as aluminum 13%, and 15% of the total dry weight of the
silicate, while in iron mine overburden, it is found mixture. The variation of cement was selected
in the form of the mineral muscovite. The XRD based on prior research, which recommends a
analysis (Figure 3) of both materials verifies their cement content ranging from 9% to 15% [32-35].
mineralogical composition, revealing distinct A symbol “Wn” has been used for different values
chemical compounds on the surfaces of iron mine of the water-to-binder ratio, where “n” varies from
tailings and fly ash (Table 1). The specific gravity 1 to 12 as presented in Table 3. The Mix ID for each
of the materials was measured via the water sample, reflecting different compositions of
displacement method using a pycnometer [27]. materials and water-to-binder ratios, is provided in
Particle size distribution analysis, performed using Table 4.
mechanical sieving [28], is illustrated in Figure 4.
The results indicate that the iron mine overburden Table 2. Physical properties of raw materials
is a poorly graded material with approximately Parameters Values
9.05% fine fraction, while nearly 99.95% of fly ash MO Fly ash
particles are finer than 0.075 mm. Furthermore, Specific gravity .77 2.26
MO contains more than 50% gravel-sized particles Crushing value 43.89 -

. . Abrasion value 45.81 -

with 9.05% fine. The fine particles of MO showed Cocfficiont of curvature 634 064

a liquid limit of 31% and a plasticity index of Coefficient of uniformity 0.54 701
26.63%, and can be classified as poorly graded

gravel with silty sand [29]. Additionally, fly ash 100 ,

consists of 37.81% of particles in the 72.24-75 um 901 2 ';I"“ “‘hi““‘ BRI /

range, with 62.14% being smaller than 72.24 pm 80 - Y

(Figure 4). Table 2 summarizes all the physical ST /

properties of the raw materials. _?E” 60 .
To assess the mechanical properties, the iron 2 25 g =]

mine overburden (MO) and fly ash were combined % 0] . va

in varying ratios along with cement and water to g ’ it g

develop controlled low-strength material (CLSM) 2 W3 ¥ al

samples. Since flowability is a fundamental = Pl

requirement for CLSM [30, 31], 24 different mixes o= -

were prepared by adjusting the proportions of g.um T < : &

cement, fly ash, MO, and the water-to-binder
(W/B) ratio to meet this criterion. During mix
design, the cement content was varied as 9%, 11%,

Sieve size (mm)
Figure 4. Particle size distribution of iron mine
overburden and fly ash

Table 3. Table showing the symbol corresponding to different W/B ratio
Symbol W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W1l W12
W/B 0.525 0.55 0.575 0.6 0.625 0.65 0.675 0.7 0.725 0.75 0.775 0.8
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Table 4. Mix ID corresponding to different percentage of cement, fly ash and MO

. Binder (%) Aggregate (%)
Mix ID WiB Cement Fly ash MO
MIWG6 0.65
ﬁ}% 066;5 9% 36% 55%
MIW9 0.725
M2W1 0.525
m%g 00:55755 1% 55% 38%
M2W4 0.6
M3W4 0.6
ﬁggg 0666255 1% 38% 55%
M3W?7 0.675
MAW 1 0.525
m&g 00:55755 13% 55% 32%
MAW4 0.6
M5WO 0.725
M5W12 0.8
M6W 1 0.525
m%g 00:55755 15% 53% 32%
M6W4 0.6

In Table 3, "M" denotes the mix designation,
indicating varying proportions of cement, MO, and
fly ash. The symbol "W" represents the water-to-
binder ratio ranging from 0.525 to 0.8 and was
adjusted according to the flowability requirements
of CLSM. For each flowability test, a 2 kg dry
mixture was prepared with different percentages of
cement, fly ash, and MO. Later, the slurry was
prepared by adding water to the dry mixture at
different water-to-binder ratios. Following slurry
preparation, flowability testing was performed
according to ASTM D6103 standards [36]. For this
purpose, a 3-inch diameter PVC pipe measuring 6
inches in length was used, as shown in Figure 5.

The PVC pipe was placed on a level acrylic surface
and filled with CLSM slurry. The pipe was then
carefully lifted to allow the material to spread over
the surface (Figure 5). Further, the flow diameter
(D) was measured using a metallic tape, and the
measured diameter was used to calculate the
relative flow area (RFA) using Equation 1 [37]. The
relative flow area is important for understanding
the leveling consistency of the CLSM. A higher
RFA value (> 5) indicates that the CLSM has self-
leveling properties [38].

RaF = (P/190) 1 M
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Bleeding is a critical phenomenon in CLSM that
leads to the separation of water from the solid
constituents. In this study, bleeding behavior was
evaluated following ASTM C1610 standards [39].
Initially, the CLSM slurry was poured into a 1000
ml graduated measuring cylinder and left
undisturbed for 3 hours to allow material
settlement. Later, the volume of separated water
that accumulated at the surface was measured
(Figure 6). Bleeding was then calculated as the
percentage of water accumulated at the surface
relative to the total initial volume of the CLSM

slurry.

' Figre 6. Bleeding test etup

Furthermore, the density of the CLSM was
evaluated in both the fresh and hardened states.
Fresh density measurements followed ASTM
D6023 [40] guidelines, while hardened density was
determined by measuring the mass and volume of
specimens after curing periods of 7, 14, 28, and 60
days. Unconfined compressive strength (UCS)
testing was performed according to ASTM [41]
standards using cylindrical specimens (53 mm
diameter x 106 mm height). The UCS was
evaluated after curing periods of 7, 14, 28, and 60
days, with triplicate samples tested for reliability.
Additionally, the excavability characteristic of
CLSM was quantified through the removability
modulus (RE). The removability modulus was
calculated using on-site density and 28-day UCS
values according to Equation 2 [18]. A
removability modulus less than 1 indicates that the
CLSM can be manually excavated.

0.618 x wls x 95
B 106

<1 (2)
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Where are:
RE — removability modulus,
w — on-site density in kg/m®,

C — 28 days compressive strength in kPa.

3. Results and Discussion
3.1. Flowability and Bleeding

The characteristics of fresh CLSM were
evaluated based on flowability, bleeding, and fresh
density. Flowability is a key factor, with a
minimum requirement of 150 mm for CLSM [31].
As shown in Figure 7, all the specimens developed
in this study exceeded 150 mm in flowability, and
this value increased further with a higher water-to-
binder ratio. Earlier researchers have also achieved
the required minimum flowability at these water-
to-binder ratios for fly ash-based CLSM [22, 26].
Besides the water-to-binder ratio, flowability was
found to be controlled by the percentage of fly ash.
It was observed that, for a similar percentage of
cement, CLSM containing a higher percentage of
fly ash requires a lower water-to-binder ratio to
achieve the desired flowability. This may be due to
the spherical shape of fly ash particles, which
provides a ball-bearing effect and enhances
flowability [42, 43]. Conversely, due to the porous
structure of mine overburden, CLSM with a higher
percentage of mine overburden requires a higher
water-to-binder ratio to attain the minimum
flowability, as seen in the cases of M2W4, M3W4,
M2W1, and M4W1. Subsequently, the segregation
of solid particles was studied based on bleeding
behavior. The results are presented as percentages
of segregated water relative to the total volume of
CLSM (Figure 7). The data reveal that for a water-
to-binder ratio up to 0.8, the 3-hour bleeding
remains below the 5% threshold limit [16, 44, 45].

Moreover, the self-leveling behavior of CLSM
[12, 46] was examined by determining the relative
flow area using Equation (1), and the results are
shown in Figure 8. Despite meeting the flowability
and bleeding criteria (Figure 7), most specimens
were found not to be self-leveling, except for the
M6W4 specimen (Figure 8), which exhibits a
relative flow area above 5 [37]. The self-leveling
property can be improved by increasing the water-
to-binder ratio; however, bleeding at the elevated
water-to-binder ratio must remain within
permissible limits (<5%).
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specimen

3.2.Density and Water Absorption

As per the standards [30, 47], the density of
fresh CLSM must fall within 1360-2023 kg/m?,
whereas hardened CLSM should have a lower
density compared to its fresh density. In this
research, the density of fresh and hardened CLSM
was calculated based on the mass and volume of
the specimen. The results for the fresh and
hardened density of CLSM are presented in Figure
9 and Figure 10, respectively. The fresh density of
all CLSM specimens developed in this research
was found to be within the recommended range of
1360-2023 kg/m* (Figure 9). The density of
hardened CLSM varied between 1226.80 kg/m?
and 1816.82 kg/m* (Figure 10), which is below
their corresponding fresh density. The reduction in
the hardened density of CLSM is due to decreases
in water content and increases in air content within
the specimen [19]. Based on the density criteria, the
developed material can be classified as CLSM.
Furthermore, it was observed that the change in
density with curing time does not follow a specific
decreasing or increasing trend. To understand this
unpredictable behavior, further in-depth research is
required in this area.

Additionally, the water absorption
characteristics of various CLSM samples were
assessed after 7, 14, 28, and 60 days of curing. The
average value of the percentage water absorption
has been presented in Figure 11. The findings
indicate that the CLSM mixtures exhibited higher

Journal of Mining & Environment, Published online
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percentages of water absorption, varying from
1.19% to 28.24%. A similar water absorption value
was observed for the CLSM developed from fly ash
and bottom ash [48]. It was further observed that an
increase in curing time increases the water
absorption. This increase in water absorption is due
to the dissolution of the pozzolanic materials,
which causes the formation of micropores,
resulting in the water movement through capillary
action [49]. It was also observed that an increase in
the percentage of fly ash lowers the water
absorption due to the formation of C-S-H gel,
which fills the micropores and prevents the
capillary rise of water [50, 51].
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3.3.Unconfined compressive strength (UCS)

The unconfined compressive strength (UCS) of
the CLSM was tested after 7, 14, 28, and 60 days
of curing, and the results are depicted in Figures
12-15. Tt was observed that increasing the
percentage of fly ash enhances the UCS, whereas
an increase in the water-to-binder ratio reduces the
UCS value for most specimens. The lower UCS of
specimens with higher water-to-binder ratios is due
to decreased density after a specific curing period.
Simultaneously, UCS development over time
indicates significant variability in strength gain.
While previous studies on CLSM with less porous
materials reported an increase in UCS with curing
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time [13, 18, 52, 53], irregularities have also been
noted for CLSM containing coal mine overburden
[26, 49] and coal washery waste [23]. These
fluctuations are likely attributable to the high
porosity and low crushing strength of the iron mine
overburden particles used in the mix. Notably, this
research represents the first investigation into iron
mine overburden-based CLSM. Therefore, further
detailed studies are necessary to fully understand
its mechanical properties and ensure its reliability
for field applications. Future work should also
focus on optimizing mix designs and curing
conditions to mitigate these variations and improve
the material’s practicality for construction use.
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after 14 days of curing
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The 28-day unconfined compressive strength
(UCS) of all the CLSM specimens ranged from
0.52 MPa to 4.28 MPa, as shown in Figure 14. The
observed UCS values are well within the
established CLSM range of 0.3-8.3 MPa [35, 54].
It is further observed that the UCS of all specimens
of mixes M1 and M3, along with M2W2 and
M2W4, varies between 0.392 MPa and 1.29 MPa,
which is characteristic of stiff clay [55, 56]. Other
mixtures exhibit superior strength to stiff clay,
making them suitable for various engineering
applications, including pavement bases, bridge
abutments, retaining wall backfills, and thermal
grouting, owing to their self-leveling and flow
characteristics as reported in previous studies [13,
14, 47]. Additionally, since CLSM must be easily
excavatable, their excavatability was assessed
using 28-day UCS values and in-situ density
according to Equation (2). The resulting
excavatability characteristics of various CLSM
mixtures are illustrated in Figure 16 in terms of
removability modulus values. It is observed that all
specimens of Mix M1, along with M2W2, M2W4,
M3W4, and M3W7, are easy to excavate manually,
with removability modulus values less than 1.
However, the excavatability of all specimens of
Mix M4, M5, and M6 is significantly higher than
1, rendering them non-manually excavatable.
Furthermore, it can be concluded that all specimens
of mixes M1, M2W2, M2W4, M3W4, M3WS5, and
M3W?7, which have UCS values similar to stiff clay
and removability modulus below 1, can be used as
substitutes for clay in geotechnical structures.
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3.4.Durability

The stability of the soil is significantly affected
by alternating wetting-drying cycles, which
ultimately lead to increased mass loss. The
expansion and contraction of the soil due to wet-
dry cycles weaken its structure and enhance
erosion. Understanding this phenomenon is
important for assessing the long-term stability of
geostructures. Therefore, this research studied the
durability of the developed CLSM in terms of mass
loss after different numbers of wet-dry cycles [57].
In the present study, one sample from each of Mix
M1, Mix M2, Mix M3, Mix M4, Mix M5, and Mix
M6 was selected for the durability test. Along with
a typical photograph of a sample, Figure 17 shows
the percentage mass loss of different specimens
after various numbers of wet-dry cycles. It was
observed that the mass loss increases and, in some
cases, the specimen collapses with the increase in
wet-dry cycles (Figure 17). The collapse of the
specimen is represented as 100% mass loss in
Figure 17. It was found that specimen M3W4
collapsed during the 9th cycle, specimen M2W1
collapsed during the 11th cycle, and specimen
M6W1 collapsed during the 12th cycle.
Additionally, specimens M1W6 and M4W1 also
exhibited significant mass loss during the 12th
cycle. Overall, all specimens showed substantial
mass loss during the 12th cycle, except for
specimen M5W9, which retained nearly 40% of its
mass even after the 12th cycle (Figure 17).
Furthermore, it can be noted that up to the 8th
cycle, all specimens retained approximately 60%
of their mass, indicating good performance.
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Figure 17. Mass loss of the specimen with number of
wet-dry cycles
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4. Conclusions

The current investigation
formulating a CLSM mixture incorporating
industrial byproducts, including iron mine
overburden combined with fly ash and cement as a
binder. Through  systematic  experimental
evaluation, it was found that all the CLSM
mixtures demonstrated flow values exceeding 150
mm while maintaining bleeding below the 5%
threshold. Further, the fresh density was found to
range between 1226.80 and 1816.82 kg/m?, with
hardened densities lower than that of the fresh
density. The water absorption was found to vary
from 1.19% to 28.24%, which is very close to the
values reported by earlier researchers. The 28-day
compressive strength ranged from 0.52 MPa to
4.28 MPa, meeting the suggested range of 0.3-8.3
MPa. Additionally, a few specimens exhibited a
UCS value similar to stiff clay and a removability
modulus of less than 1. Along with the strength
comparable to clay, the developed CLSM shows
good resistance to mass loss up to the 8th wet-dry
cycle. Although all the developed CLSM can be
used for different purposes, the mix with UCS
similar to clay and a lower removability modulus
could be employed to replace natural clay in
geotechnical structures. Furthermore, due to some
variability observed in the density and strength
development of CLSM, further in-depth research is
required to establish robust explanations.

focused on
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