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Abstract. Mine back filling is an integral part of overall mining operation. This
paper highlights the progress of underground mine back filling practices in Sukinda
region, Odisha. Initially underground stope backfilling started with sand based
cemented hydraulic backfilling. Slowly, the transition to other backfill material
has also being done. Mine overburden, bottom ash and slag are few of the options
of alternate backfill materials that can be used for underground stope filling. This
study elaborates the results of strength development and water drainage character-
istics of cemented hydraulic backfill prepared with sand /bottom ash. This study
also highlights a future roadmap towards application of modern day paste backfill
technology in underground mines of Sukinda region, Odisha.
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1 Introduction

Mining is one of the core sectors, which plays a crucial role in the economic development
of any nation (Mishra et al. 2022). It, directly and indirectly, contributes to the growth
and economic progress of the country. In India, mining also significantly contributes to
the overall development of the nation. Most of the metallic mineral deposits in India are
distributed in the states of Jharkhand, Odisha, Chhattisgarh, Madhya Pradesh, Andhra
Pradesh, Telangana, Madhya Pradesh, Goa, and Rajasthan (Behera et al. 2019b).

Sukinda is a town in Jaipur district, Odisha, India. Odisha accounts for about 98% of
the total proved chromite (chromium ore) reserves of the country, of which about 97%
occur in the Sukinda Valley. In September 2007. Sukinda is flanked by the Mahagiri
range and the Daitari range, Sukinda Valley spreads over an area of 50 km? from Kansa
to Maruabil in Jaipur District. Sukinda has an abundance of chromite, around 97%
of India’s total deposits. The valley is abundant in the deposits of chromite and has the
largest open cast chromite mines in the world (Naz et al. 2016). Around 11 mines operate
in the area.

Out of these mines only one operational underground chromite mine in Sukinda is
Mahagiri Mines of M/s Indian Metals and Ferro Alloys Ltd. is situated in the Sukinda
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Valley of Odisha. Opencast mining has already been exhausted and currently, under-
ground mining is in progress. The ultimate pit limit of opencast mine is at + 185 mRL.
Underground mining has been developed below the ultimate pit bottom to extract the
ore after leaving a safe cap rock of about 50 m vertical thickness.

The extraction of minerals is done either by surface mining or underground mining
methods. Shallow depth mineral deposits are extracted by surface mining methods,
whereas the deep-seated mineral deposits are extracted by underground mining methods.
At present most of the open cast mines in Sukinda have reached their ultimate pit limit.
Exploration data reveals plenty of chromite deposit at higher depths below the open cast
mines. It is essential to extract chromite through underground mining method. There
are several methods of underground mining being practiced globally. The open stoping
mining method is generally used in sublevel, long hole or blast hole stoping. Presently,
most of the open stoping methods are used in conjunction with backfilling (Li 2014;
Behera et al. 2019a; Singh et al. 2019).

Sublevel stoping is one of the simple mining/stoping methods, which is typically
used for steep ore bodies, stable hang wall and foot wall, competent host rock and
ore body, regular ore deposits (Himanshu et al. 2021; Behera et al. 2020a). The open
stopes created after the extraction of ore in sublevel stoping are usually backfilled to
allow maximum recovery from the stopes, provide stability to underground workings
and prevent surface subsidence (Behera et al. 2023). Similarly, when the dip of a deposit
is steep (greater than about 55°), ore and waste strong, ore boundaries regular, and the
deposit relatively thick, Blasthole stoping is used. In this method, the miners create a
vertical slot at one end of the stope and then work in the levels to drill a radial pattern
of drill holes (Gonen and Kose 2011). From the drilling level, long, parallel blast holes
are drilled, typically 100 to 150 mm in diameter. After charging a set of these blast
holes with explosives, the blocks of ore body are blasted. After extraction of the stopes,
the primary voids are backfilled with cemented backfill, and the secondary voids are
backfilled with uncemented backfill.

Backfilling of the underground stopes serves the purpose of either support to the
hang wall, ore recovery, as a working floor for the miner, artificial roof and as disposal
of development waste rock and tailings (Villaescusa et al. 2019; Edraki et al. 2014;
Grobler et al. 2019; Behera et al. 2020b; Behera et al. 2021). With progress of time
backfilling in Sukinda have evolved from conventional cemented hydraulic filling using
sand to present day cemented higher concentration hydraulic filling using coal ash. This
article elaborates the transition of backfilling in underground mines in Sukinda, Odisha
from sand based to coal ash. At the end of this article a note on future backfilling is
presented.

2 Sand Based Backfill

Initially studies were conducted to investigate the feasibility of utilising Brahmani
river sand in underground stope backfilling in an underground mine in Sukinda region,
Odisha. Investigations were done for physical and chemical properties, water drainage
characteristics and strength development of cemented sand based hydraulic backfill.
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2.1 Physico-Chemical Properties

Physical Properties
The physical properties of backfill materials influence various parameters of backfill
including, transportation, storage and disposal. Hence, physical properties of backfill
materials were determined. The various physical properties of the sand sample are
presented in Table 1.

Table 1. Physical properties of sand

Sr. no. Parameter Result
1. Specific gravity 2.56
2. Bulk density (g/cc) 1.60
3. Porosity (%) 37.5
4. Void ratio 0.6

The result of the particle size analysis of sand is presented in Fig. 1.
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Fig. 1. Results of particle size analysis of sand.

The particle size of sand varies in the ranges of 53 wm to 5 mm. The mean particle
diameter of the sand is (Dsp = 450 wm). Further, the sand investigated in this study
hardly consists of any particle below 53 pm.

Chemical Properties

The behaviour of backfill after pouring into the mine voids is greatly influenced by the
chemical and elemental compositions of the backfill materials. Therefore, it is imperative
to study the chemical and elemental characteristics of the sand.

The elemental composition of sand was determined by the energy dispersive X-ray
spectroscopy (EDS) technique focusing at the selected points on the SEM micrograph.
The mean values of the elements obtained at different points during the EDS analysis
were considered as the elemental composition of sand. The results show that the sand
is mostly consisting of Si, Al and Na. The EDS spectra of sand is shown in Fig. 2. The
elemental composition of sand is presented in Table 2.



Underground Mine Backfilling Transition in Sukinda, Odisha 279

si

28|

256K]

160K

1284

0.64k|

032

oo
000 100 200 300 400 500

Lsec: 1000 Crts 0,000 keV Det: Octane Super Det

Fig. 2. EDS spectra of sand sample.

Table 2. SEM-EDS elemental composition of sand.

Element O Al Si Na
Sand 37.97 7.806 51.618 2.608

From the SEM image analysis (Fig. 3) it is observed that sand consist of irregular
shaped, and sub rounded particles.
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Fig. 3. SEM image of sand sample.

2.2 UCS of Backfill Specimens

In order to find the strength development of backfill using sand experiments were con-
ducted using a hydraulic backfill mix with Swt% (solid 55%). The back fill mix was
prepared by mixing dry sand and cement for about 3 min. After dry mixing, the mixture
was thoroughly mixed by adding water for about 15 min. Immediately after preparation
of the backfill mix the mix was poured into cylindrical moulds of 100 mm diameter and
200 mm height maintaining a length to diameter ratio (L/D) of 2 for determination of
uniaxial compressive strength (UCS) and kept for curing.

For determining the UCS, a constant loading rate of 2 mm/min [ASTM C39/C39M
— 17b (2017)] was applied throughout the loading process. Majority of the samples
followed hour glass type failure with few samples showing multiple fractures (Fig. 4).
The results of the UCS test are presented in Table 3.
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Table 3. UCS of sand based backfill after 28 days of curing.

Sr. no. Cement (%) 28 days UCS (kPa)
1. 4% 385

2 5% 520

3 6% 560

4. 7% 785

5 10% 1250

Fig. 4. Sand based backfill during UCS test.

2.3 Water Drainage Characteristics

A significant concern for any hydraulic backfill is the liquefaction potential of the backfill
mass. Liquefaction occurs when the pore pressure increases dramatically, thus reducing
the effect stress in the fill mass, to the point where the shear resistance of the fill mass
is so low that the mass begins to flow like a liquid. If the fill mass liquefies, the backfill
barricade pressure increases drastically and when the barricade pressure increases its
designed strength, the backfill mass flows through the barricade. To prevent such events,
hydraulic backfill is designed in such a manner that the water percolates through the bar-
ricade within a shorter period of time. Such drainage of water is achieved by percolation
and decantation. Percolation of water occurs through the fill mass whereas decantation
towers are used to dispose standing water over the fill mass. The presence of binder
in backfill reduces the drainage behaviour. Generally a decrease in percolation rate is
observed with increase in binder proportion in backfill mass.

Generally, a standard constant head permeameter is used for predicting the drainage
behaviour of fill mass. A minimum of 10cm/hr percolation rate is required for hydraulic
fill and is the only quality criterion ever broadly applied in determining hydraulic
fill acceptability. The percolation results are well above the desired limit of 10 cm/hr
(Table 4).

Sand based cemented hydraulic backfill was started for the first time in Sukinda,
Odisha in the Mahagiri Mines of M/s IMFA Ltd in the year 2018. As of now more than
30 stopes have been extracted with cemented sand backfill.
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Table 4. Percolation rate of sand based backfill.

Sr. no. Recipe Percolation rate (cm/hr)
1. 90% Sand + 10% cement 18.8
2. 93% Sand + 7% cement 20.6
3. 94% Sand + 6% cement 22.8
4. 95% Sand + 5% cement 24.2
5. 96% Sand + 4% cement 27.5

3 Coal Ash Based Backfill

Sand being a scarce material now days, there is always a need of alternate backfill material
to sand. Coal ash generated by thermal power plant can be a good substitute for sand
as a mine backfilling material. It is fine grained, possesses pozzolanic properties, and
requires less water and energy for its transportation. Hence it is high time to utilise coal
ash for underground backfilling. Bottom ash and fly ash samples were collected from
IMFA power plant (PP) which is situated at Choudwar in District of Cuttack, Odisha
State. The samples were collected from three different power plants with capacity 1 x
50 MW, 1 x 30 MW and 2 x 60 MW.

3.1 Physical Properties

The physical characteristics of ash depend on the quality/rank of coal used, degree of pul-
verization, furnace temperature, its chemical composition etc. Storage, transportation,
re-handling and reclaiming of ash found to be greatly influenced by physical character-
istics viz., specific gravity, bulk density, porosity, permeability, compressibility, particle
size distribution etc. Hence, the physical properties of IMFA bottom ash and fly ash
samples were investigated. The results are summarized in Table 5.

Table 5. Physical properties of bottom ash and fly ash

Sr. no. Parameter BA FA

1. Specific gravity 2.33 2.09
2. Bulk density (g/cc) 1.32 0.96
3. Porosity (%) 43.34 54.06
4. Void ratio 0.76 1.17

*BA: Bottom ash, * FA: Fly ash

The specific gravity (SG) of fill material is determined in the laboratory using a
water pycnometer as per IS: 2386 (part III) (1963). The porosity of backfill samples
were determined using Mercury Intrusion Porosimeter [Quantachrome (Anton Paar),
Model (PoreMaster 60)] (Panwar et al. 2022).
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The particle size analysis of bottom ash and fly ash are demonstrated in Table 6. The
particle size distribution curves are plotted and analysed (Fig. 5) to investigate the size
distribution of these backfill materials. The particle size of bottom ash and fly ash vary
in the ranges of 0.1-850 and 0.1-120 wm, respectively. From the particle size analysis,
the specific surface area of the fly ash is found to be 412 m?/kg. The mean particle
diameter of the bottom ash (Ds5o = 228.45 pwm) is found to be greater than the fly ash
(Dso = 20.85wm). Hence, it is apparent that the bottom ash is coarser than the fly ash.
The bottom ash used in this study consist of 3% fines (< 53 wm). This bottom ash may
be a suitable material for hydraulic filling.

Table 6. Particle size analysis results of bottom ash and fly ash.

Parameters Bottom ash Fly ash
D(4,3), pm - 62.26
D(3,2), pm - 5.46
Dgg, pm 924.84 79.74
Dgo, pm 266.07 24.81
Dsg, pm 228.45 20.85
D3p, pm 140.90 12.87
Dig, pm 105.61 4.90
Coefficient of uniformity, Cy 2.52 5.06
Coefficient of curvature, C 0.71 1.36
Specific surface area (m2/kg) - 412

*(Cy) = Dgg/ D19, *(Cc) = (D39 x D3g) / (Dgg x Dig), *D (4,3) is volume moment mean,
*D(3,2) is surface area moment mean

—Bottom ash

—Fly ash
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Fig. 5. Particle size distribution curves of bottom ash and fly ash samples.

3.2 Chemical Properties

The behaviour of backfill after pouring into the mine voids is greatly influenced by the
chemical and elemental compositions of the backfill materials. Therefore, it is imperative
to study the chemical and elemental characteristics of the bottom ash and fly ash.
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The elemental compositions of the bottom ash and fly ash were determined as men-
tioned in Sect. 2.2. The results show that the bottom ash sample is mostly consisting of
0, Si, Mg, Ca, Fe, S and Al and the fly ash is composed of O, Si, Mg, Ca, Fe, Ti and Al.
The EDS spectra of the bottom ash and fly ash are shown in Fig. 6 and Fig. 7 respectively.
The elemental composition of bottom ash and fly ash samples are presented in Table 7.
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Fig. 6. EDS spectra of bottom ash sample.
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Fig. 7. EDS spectra of fly ash sample.

Table 7. SEM-EDS elemental composition of bottom ash and fly ash.

Element Bottom ash Fly ash
(0] 42.63 38.49
Al 16.43 18.11
Si 224 25.75
K 0.82 -

Ca 5.46 543

Ti 0.27 0.76
Fe 8.62 10.54
Mg 0.29 0.93

S 3.09 -

From the SEM image analysis (Fig. 8) it is observed that bottom ash consist of
irregular shaped, rounded and sub rounded particles. Further, the SEM image of fly ash
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samples clearly show sub rounded and spherical shaped particles, which are called as
cenospheres.

Fig. 8. SEM image of bottom ash and fly ash samples.

3.3 UCS of Backfill Specimens

The targeted UCS after 28 days of curing for bulk fill and plug are 520 kPa and 1160 kPa
respectively. In order to find the strength development with bottom ash and fly ash
experiments were conducted using a hydraulic backfill mix with 55wt% solid (solid
55%). The back fill mix was prepared by mixing dry bottom ash, OPC and fly ash for
about 3 min. The samples were prepared and tested UCS as mentioned in Sect. 2.3.
Majority of the samples followed multiple fractures during failure (Fig. 9). The results
of the UCS test are presented in Table 8 and Fig. 10. The targeted UCS for plug fill was
achieved by backfill mixes 89%BA + 11% cement, 90%BA + 10% cement, 90%BA +
9% cement + 1% FA, 90%BA + 8% cement + 2% FA, 90%BA + 7% cement + 3%
FA for all the ash samples. The bulk filling can be done with backfill with mix recipe
93%BA + 7% cement or 94%BA + 6% cement or 95%BA + 5% cement or 94%BA +
5% cement + 1% FA or 94%BA + 4% cement + 2% FA.
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Table 8. UCS test results.

Code Mix recipe 7 days 14 days 28 days
MBI 89%BA + 11% cement 974 1087 1420
MB2 90%BA + 10% cement 828 988 1380
MB3 91%BA + 9% cement 750 872 1208
MB4 92%BA + 8% cement 612 730 1146
MBS 93%BA + 7% cement 408 580 908
MB6 94%BA + 6% cement 315 488 720
MB7 95%BA + 5% cement 220 386 562
MBF2a 90%BA + 9% cement + 1% FA 762 880 1372
MBF2b 90%BA + 8% cement + 2% FA 622 802 1356
MBF2c 90%BA + 7% cement 4 3% FA 425 656 1210
MBF6a 94%BA + 5% cement + 1% FA 252 402 546
MBF6b 94%BA + 4% cement + 2% FA 186 380 522
MBF6c 94%BA + 3% cement + 3% FA 124 280 386

—+—BI%DBA +11% C
—m— O0%BA + 10% C

Day7 Day 11
Curing sime (day)

Day 28

+9%C

——G2%BA + BHC

——93%BA + THC

0 9A%BA + 6%C

—— O5%BA + 5%C

e GUKBA + 9%C + 1A

- DO%BA 1 BHC + 2%FA

—4—O0%BA + 7C + I%FA

—— 04%BA + 5%C + 1%FA

—i—O4%BA + 4%C. + J%FA
GAKOA + I%C+ I A

Fig. 10. UCS development of BA based backfill.
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3.4 Water Drainage Characteristics

Predictions of the drainage behaviours for a given fill are made on the basis of laboratory
tests using a standard constant head permeameter. A minimum of 10cm/hr percolation
rate is required for hydraulic fill and is the only quality criterion ever broadly applied
in determining hydraulic fill acceptability. A constant head permeameter, as shown in
Fig. 11, was used for the percolation test.

Fig. 11. Constant head permeameter.

Table 9 reflects the results of percolation experiments. The percolation results are
well above the desired limit of 10 cm/hr.

Table 9. Percolation rate of BA based backfill.

Code Recipe Percolation rate (cm/hr)
MB1 89%BA + 11% cement 17.2
MB2 90%BA + 10% cement 17.8
MB3 91%BA + 9% cement 17.8
MB4 92%BA + 8% cement 18.1
MB5 93%BA + 7% cement 18.6
MB6 94%BA + 6% cement 21.2
MB7 95%BA + 5% cement 22.8
MBF2a 90%BA + 9% cement + 1% FA 17.8
MBF2b 90%BA + 8% cement + 2% FA 17.2
MBF2c 90%BA + 7% cement + 3% FA 15.6
MBF6a 94%BA + 5% cement + 1% FA 21
MBF6b 94%BA + 4% cement + 2% FA 20.8
MBF6¢ 94%BA + 3% cement + 3% FA 20.2
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Bottom ash based cemented hydraulic backfill was started in the year 2022. Few
stopes have been extracted with Bottom ash based cemented hydraulic backfill.

4 Future Backfill Materials

Based on the exploration of potential backfill materials in Sukinda region, Odisha, slag,
overburden and chromite tailings might be few such alternate backfill materials that
might replace sand.

4.1 Slag

Approximately, six companies operates nearby of Sukinda region that manufacture
charged chrome, Ferro chrome and steel. For instance, the charge chrome plant of M/s
IMFA Ltd. Produces approximately 54000 tone/annum of Granulated slag and Jigged
slag of approximately 24000 tons per annum. Granulated slag is produced during tap-
ping from the molten material of Electric arc furnace. When molten slag is dropped
in bath, the molten slag changes to nodules and granules of slag. During this process
granular, glassy coarse and fine aggregate type material (Fig. 12). Such granular glassy
material is termed as granulated slag. Disposal of these slags is challenging. One source
for utilisation of granulated slag might be underground stope backfilling.

Fig. 12. Granulated slag produced by a charge chrome plant.

4.2 Chromite Tailings

Chromite tailings as shown in Fig. 13 is generated during the process of beneficiation
of chromite ore. Though at the present scenario the generation of chromite tailings is
on the lower side, in future with decreasing grade of chromite, the chromite ore has to
undergo further processing. Hence, in the process of beneficiation tailings generation
would increase. Surface disposal of such tailings need vast surface land and pollute air,
water and soil. Hence, it’s better to utilise these chromite tailings for stope backfilling.
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Fig. 13. Chromite ore tailings.

4.3 Overburden

Due to existing open cast mines in Sukinda region, there are plenty of tall standing
overburden (OB) dumps. The huge volume of these OB material available in the 11
mines of Sukinda region can be a major component of cemented backfill for future
underground mines. These OB dumps are mainly consisting of weathered limonite, top
soil and serpentinite material. Studies have resulted in poor strength development of these
OB materials. Further, investigations are required to improve strength characteristics of
backfill prepared using OB. Moreover, future backfill technologies need to optimised so
that such huge quantity of OB can be utilised for underground backfilling.

S Future Backfill Technology in Sukinda

Considering the changing scenario of underground hard rock mining in Sukinda region
and demand of backfilling, there is always a search for better backfill material. The con-
ventional cemented hydraulic slurry backfilling (CHSB) by adding a suitable binder is
being practiced in underground mine of Sukinda region. The efficiency of this backfill-
ing method depends on how freely numerous mining operations can take place without
interfering with one another. However, the disadvantages of this method include the
requirement of pump for rehandling additional water, chances of ponding, segregation
of materials, accumulation of fines may impose hydrostatic pressure, increased hydro-
static pressure resulting in barricade failure, and the inrush of cemented slurry into the
underground workings. Moreover, it may lead to ore dilution during the blasting and ore
handling process.

High concentration filling (HCF) is an advanced version of the CHSB, which uses
cemented hydraulic backfill with a solid content varying between 60 to 70 wt%. The
high density of backfill minimises the water drainage. The target backfill slurry density
is a function of solid wt% and particle specific gravity. It balances the requirements of
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transporting the slurry without plugging the pipeline and excess drainage of water. HCF
is placed in underground either by gravity or using pumps depending on the site require-
ment. The excess ponded water inside the stopes is drained out through decantation pipes
or suitable drainage system. Though the HCF is an improved version of CHSB, still the
drawbacks of hydraulic fill persists up to some extent.

Hence an advanced version of backfilling technology is required to overcome all the
demerits of hydraulic backfilling. One form of cemented backfilling used in underground
mines is paste backfilling. The mine paste backfill is prepared by suitably mixing mill
tailings or other solid waste with a specific amount of binder (OPC, OPC-fly ash, OPC-
slag, OPC-lime, etc.). The paste backfill composed of an optimum water proportion so
that it is flowable. As compared to other backfilling techniques, paste backfilling consists
of a higher solid concentration (70-80 wt%). Potvin et al. (2005) defined “paste as a
mixture of material, which akin to toothpaste, comprising 75% to 85% solid by weight
and 1 wt% to 12 wt% binder, containing at least 15 wt% solid fraction less than 20 pwm,
when poured into voids the backfill does not bleed water, does not settle in the pipeline,
and has a slump less than 250 mm”. Paste backfilling is widely applied throughout the
globe because of its techno-economic advantages and higher volume of industrial waste
utilisation as compared to other backfilling techniques.

Paste backfilling is being practiced in different countries worldwide after its incep-
tion in 1957 by Falconbridge Nickel Mines Ltd. at the Hardy mine in Sudbury, Canada
and Bad Grund Mine in Germany in the late 1970s (Tariq and Yanful, 2013). The appli-
cation of mine paste backfill was later followed by the USA, South Africa, China, and
Australia. India witnessed its first paste fill plant in 2015 in Sindesar Khurd (SK) Mine
of Hindusthan Zinc Limited (HZL), Rajasthan. The success of paste backfill technology
is witnessed in the form of increased demand over the last 40 years. In India, presently,
there are four operating mines adopting paste backfill technology in Rajasthan state of
Hindustan Zinc Limited (HZL). Whereas globally, more than 100 underground metal-
liferous mines use paste backfill technology. There is ample scope of applying paste
backfilling in many underground mines in India (Behera et al. 2022).

Considering the material availability in Sukinda region for paste backfilling, few of
the probable paste backfill materials are; chromite tailings, processed overburden and
waste rock and fly ash. If these materials can be augmented in such manner that optimum
pastes fill is prepared which have sufficient strength and at the same it is economically
viable. Considering the increased demand of production from underground, high filling
rate and engineered backfill material is the need of the hour.

6 Conclusions

This article highlighted about various lab based studies conducted for utilising sand and
bottom ash as a backfill material for a hard rock mine. The key findings of this study are
summarised below.

e Sand being the traditional backfill material and possess all favourable properties for
a backfill material.
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e With scarcity of sand bottom ash can be an alternate backfill material that can
replace sand completely for underground stope filling. Bottom ash possesses both
favourable drainage and geotechnical properties. Further, bottom possesses better
strength development as compared to sand based backfill.

e Overburden use as cemented hydraulic backfill material possesses couple of chal-
lenges in terms of strength development and drainage characteristics. Hence, it is
essential to search for alternate backfilling methodology so that huge volume of
overburden can be used.

e The probable future backfill materials could be chromite tailings, ferro chrome slag
and overburden. The field application of these materials is yet to be done.

e Considering the drawbacks of cemented hydraulic filling, paste filling is a far better
option; hence, the future of underground backfilling looks forward to implement paste
filling in many future underground mines in Sukinda as well as throughout India.

7 Data Availability Statement

The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.
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