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A novel underground mining method is proposed to extract friable chromite ore
bodies in weak and weathered limonitic host rock below an open-pit mine. The
conventional underground methods do not instill confidence since GSI (Geological
Strength Index) of ore bodies and host rock lies below 35. Series of dimensions of
transverse stopes along the strike are suggested based on a detailed analysis of multiple
mining and backfilling operations by simulating 36 three-dimensional numerical
models. For each operation or sequence, a strength-based “Mining Sequence Factor
(MSF)” is devised that helps quantifying its equivalent strength compared to in-situ
conditions. This factor along with the Average Equivalent Plastic Strain (AEPS)
developed on the pillars as obtained from numerical models is used to determine the
safe operations with desired yearly production target. The paper provides an in-depth
analysis of this method and suggests minimum pillar dimensions of 40 m, whether in-
situ or backfilled. The paper, in addition, lays the design of underground drives and
their support system as per NGI (Norwegian Geotechnical Institute) guidelines and 3D
numerical studies, the performance of which is analysed considering distribution of
stress and equivalent plastic strain.

1. Introduction

An open-pit chromite mine is being operated in
a valley having weak and weathered sedimentary
deposits rich in limonitic mineral as the host rock.
Two ore bodies, Middle Band (MB) and North
Band (NB), each with a dip of 85°, and a thickness
ranging from 15 m to 25 m are extracted with
shovel and dumpers. The plan view of the studied
site is shown in Figure la, where the red box
encloses the open-pit area under study. A sectional
view of the ore bodies and host rocks at latitude E
3100 is depicted in Figure 1b. The Ultimate Pit
Limit (UPL) is designed at a depth of 15 m RL
(marked as UPL1) for MB and -10 mRL (marked
as UPL2) for NB. Further adding to the
complications, the ore bodies are also friable in
nature, having an average uniaxial compressive
strength between 1200 kPa and 2000 kPa. Blasting
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is required to fracture ore bodies, only wherever
they are found to be lumpy and hard. The
compressive strength of the limonitic rock (marked
as HR1 in Figure 1b) is between 700 kPa and 900
kPa, and naturally, no blasting is required for their
removal from the overburden benches. The
geotechnical and geological explorations have
established that the friable ore bodies exist beyond
the pit limit up to -130 mRL depth, after which,
they gradually harden and attain over a 100 MPa
strength at a depth between -150 mRL and -170
mRL (this transition is marked in Figure 1b). The
host rock follows a similar trend as the ore body,
and it changes from limonitic rock to hard and
strong serpentinite (marked as HR3 in Figure 1D,
while the transition between HR1 and HR3 is
marked as HR2, also referred to as a weak
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serpentinite) as the depth increases. Similar to the
division of host rocks as HR1, HR2, and HR3, the
ore bodies are also divided. The field investigations
on rock mass quality suggests Geological Strength
Index (GSI) is between 25 and 35 for both the host
rock and ore bodies, having mostly blocky to
disintegrated pieces and weathered surfaces. It is
estimated that the stand-up time of such rocks is
below one hour, and any delay in supporting can
result in a collapse of the structure.

Soltani with Osanlo [1] determined the optimal
interface between the open-pit and underground
mining methods for extracting coal seams gently
dipping at 20-30°. They found the ultimate open-pit
limit to not more than 200 m below the ground
surface. On the other hand, when a surface mine
reaches its ultimate depth, the mine often
transitions to underground leaving a certain
thickness of the ore body at the bottom of the open
pit, called “crown pillar” [2-4]. In some cases, a
natural crown pillar may also be replaced with an
artificial one if the wall rocks are competent, and
the grade of the ore body is high, which enables full
recovery of the natural crown pillar [5].
Disappointingly, in the present study, because the
strength of both the ore and host rocks is low, it
would require a much thicker crown pillar (over
100 m is the depth until the wall rocks are expected
to be competent), resulting in a permanent loss of
the high-grade chromite ore.

The Nicholas [6] and Hartman [7] method
classification systems are also traditionally used to
select a suitable mining method for a given geo-
mining condition. Over time, as the importance of
key selection has grown, the multi-criteria
decision-making methods have been employed to
meet this need. Dehghani [8] applied grey and
TODIM (Portuguese acronym for Tomada de
Decisdo Interativa Multi-critério) models to
determine the best method for iron ore extraction,
and concluded that the open-pit mining method is
the most appropriate choice, while the square-set
mining is the worst one. Alpay and Yavuz [9] also
provided a decision support system to select an
underground mining method. Similarly, in the
context of selecting underground mining methods,
the use of fuzzy set theory was explored [10- 11],
Analytic Hierarchy Process (AHP) was applied to
identify the most appropriate method for an
underground mine [12-15].

In case of the given open-pit chromite mine,
which has reached its ultimate pit limit, following
the assessment based on the Nicholas and Hartman
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methods, cut and fill Stopping (Nicholas score of
38) and square-set Stopping (Nicholas score of 41)
arrive to be the closest possible solutions, but seem
redundant when it comes to capital investment as
well as safety measures. For example, square-set
Stopping relies on creating large, open stopes,
which are supported but may not adequately ensure
the stability of friable materials prone to crumbling
or disintegration, and may rather destabilise friable
rock formations to an extent of collapse. Secondly,
the cut and fill Stopping method does involve ore
removal in small increments, and subsequent
filling of the voids, thereby, reducing the risk of
collapses but ensuring stability of wide exposed
roof and efficacy of bolting in such rocks is a
question mark. The method also requires leaving
behind a thick crown pillar. The other suggested
methods are the caving methods that will cause
extensive ore dilution as well as obviously,
jeopardise the stability of the open-pit benches, in
a case where the stability of the benches is of prime
concern to the management. Not only are the
conventional mining methods unfavourable,
literature suggests no instances of extracting ores
from such weak, fractured, and friable formations.
Most of the stope designs either involve competent
host rocks with poor or fair ore bodies or vice versa.
An open-pit mine transitioned to underground with
ores stronger than 100 MPa and host rocks at 12-
140 MPa [16]. Another open-stope design was
proposed for a mine with rocks having GSI > 60
[17], and in another gold mine with a 50 m crown
pillar [18]; one example is found where caving
induced in competent host rocks from the previous
underground methods, and it was later decided for
a single top-down sequence [19].

In fact, the mine management has a plan to mine
the hard portion of the ore body by the conventional
underground mining method, leaving a crown
pillar of 100 m, but no method gives confidence for
extracting the friable ore bodies below the UPL.
This left the management with no choice but to
leave the friable ore bodies in the ground. However,
given the huge economic value of the high-grade
chromite within these formations and in line with
sound mining practices, this geotechnical project
has a pressing need to come up with a fresh
research idea for extracting these resources.
Interestingly, it is also observed that, despite
several seasonal rains, overburden benches have
remained in situ, and visibly appear stable and
intact.
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Figure 1. Plan and section of the mine under study.

The definition of friable rocks was given by the
Task Committee of American Society of Civil
Engineers as ‘highly weathered’ or ‘completely
weathered’ rock [20]; and over the years, there have
been recommendations for supporting excavations
made in such rocks with the most recent update
published by the Norwegian Geotechnical Institute
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[21], which makes use of Q-value (rock mass
quality), and indicates permanent support based on
the documented case histories. NATM described
support requirement, based on O NORM B2203
[22-23], for friable rocks to be immediate,
systematic and cautioned against progressive
fallout if not installed on time with a subsequent
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support implementation in a case study in Turkey
with tunnel diameters of 13-19 m [24]. Similar
attempts to incorporate “friable” characteristic of
rocks were made by more authors [25-28].
Construction of tunnels, mine excavations and
caverns in weathered and friable rock mass with
squeezing ground were documented in several
countries [23, 29-31]. In 2014, Marinos [32]
published detailed principles and guidelines for
selecting immediate support measures, which are
proposed based on the principal tunnel behaviour
mode. This has been possible due to the
experiences obtained from tunnels located in
various flysch rock-mass types, which also
experienced squeezing at greater depths. In 2000,
Dalgic [22] applied the GSI system proposed
by Hoek [33], after examining the weak rocks in
the Beykoz Tunnel, and classified them as
blocky/disturbed (GSI- 30 to 40), disintegrated
(GSI- 20 to 30) and foliated/laminated/sheared
rock (GSI- 10 to 20) using the GSI. The study
reported that a tunnel length of 625 m having a
finished span of 10.6 m was possible by providing
adequate support and using appropriate excavation
techniques. In Taiwan, expressway tunnels of
cross-sectional area 100-160 m” passed through
loosely cemented sedimentary rocks of strength
less than 5 MPa [34]. The construction/excavation
techniques were changed, so as to reduce vibrations
from blasting such as using road header for cutting
and even adopting double-side gallery method in
poor quality rock masses. Apart from primary
supports  (wire-mesh, shotcrete, steel ribs,
forepoling, etc.), rock tendons or self-drilling rock
bolts were installed instead of the conventional
grouted rock bolts. These studies demonstrate that,
with the implementation of suitable measures, it is
feasible to support excavations in weak and
weathered rock masses.

The literature demonstrates that stope designs in
rock is generally conducted, where either ore or
host rock is strong and competent. The Nicholas
and Hartman methods ([6] and [7]) suggested for
the practical implementation of a mining method
based on the rock types, geometry of the stopes,
and stress conditions. However, their methods are
not applicable in the present case since both host
rock and ore body are friable and weak. Hence, the
novelty of the proposed work is to design an
underground mining method for winning ore from
underground by blasting vertical long-holes in
stages from the bottom of the stope towards the
surface. This method, unlike the conventional
transitions from surface to underground, will not
leave a crown pillar at the ultimate pit level. The
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method also ensures that no caving in the open-pit
benches occurs during underground operations. To
achieve this, controlled blast designs, systematic
underground working plan with paste filling, and a
slope stabilisation scheme are extensively studied
as part of the larger project.

The novelty of the work highlighted in this
paper is to design the sequence of safe operations
after analysing the stability of the underground
stopes considering excavated zone, in-situ and
paste-filled pillars. A new strength-based “Mining
Sequence Factor (MSF)” is proposed, with a
numerical range between 0 and 1, where 0
represents open stopes, and 1 signifies unmined in-
situ pillars. In a series of transverse stopes, width
of 20 m is considered with combinations of height
of 30 m, 40 m, and 50 m. Finite Element Method
(FEM) based numerical analysis of 36 models is
carried out, using elasto-plastic material model and
the results are analysed in terms of equivalent
plastic strain that is developed on in-situ and
backfilled pillars. The various mining and
backfilling operations are quantified in terms of
MSF, which is suggestive of the cumulative
strength of the operating zone along the strike of
the ore body. A relationship between MSF and the
average value of equivalent plastic strain (AEPS) is
obtained for various conditions. Based on the
values of MSF and AEPS, a guideline is proposed
to select the mining operation. The paper mainly
recommends that the minimum pillar (either in-situ
or backfilled) dimensions of 40 m is to be
maintained at all stages operations. Apart from this,
the paper also propounds a support system for the
decline and underground drives that will be
constructed to access the ore body in underground.
The performance of the support system is analysed
with the help of stress and cumulative plastic strain
profiles. Suggestions are also made to restrict the
unsupported length of the drivage of the decline or
drives.

2. Geology and Rock Properties

The mine lies in a chromite-rich valley situated
above the Precambrian banded-iron formation and
ultramafic rocks containing chromite. These
ultramafic rocks, which host chromite, intruded
into the iron formation before significant
deformation occurred and were subsequently
folded together with the older sediments. The
geometry of the ore bodies, host rocks and the
vertical extent are previously shown in Figure 1.
The strike of the ore bodies is directed towards
east-west directions, while the surface benches are
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made in north-south directions. The average
thickness of the ore bodies MB and NB are
approximately 16 m and 27 m, respectively having
a dip angle of about 85°. The width of NB reduces
with depth till -100 m RL but becomes constant to
about 20 m thereafter. Their respective ultimate pit

§ highly weathered limonite rock mass

O

o

a) ghly weathered limonitic rock mass
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levels, UPL1 and UPL2, are designed to lie
between 18 m RL to 35 m RL, and 25 m RL to -10
m RL along the strike. Figures 2a and b show field
pictures of weathered/disintegrated and slightly
consolidated nature of rock mass that exist in the
overburden.

slightly consolidated weathered limonite

Figure 2. Field pictures of overburden.

The friable nature of the ore body continues up
to a depth of almost 100 m RL as marked in Figurel
by the ‘transition of ore body’. Thereafter, the ore
bodies become weathered and fractured, followed
by hard formation beyond -150 m RL. As
mentioned before, the Foot Wall (FW) and
Hanging Wall (HW) rocks of MB and NB ore
bodies are composed of highly weathered limonite
(HR1) and serpentenite (HR2) rock mass, which is
further underlain by a much more competent hard
serpentinite (HR3) rock mass.

Laboratory experiments were performed to
obtain the properties of various materials (ores—
01, 02, 03; host rocks— HR2, HR2, HR3;
Cemented-Paste Backfill- CPB) using uniaxial
compression, direct shear and triaxial tests
depending on the competency and friable nature of
the rocks. O1, 02, and O3 are the divisions in the
ore bodies by virtue of the depth as is in the case of
the host rocks. O1 is the friable region, while O3 is
the hard one, and O2 holds the transition of the ore
body from O1 to O3. Figure 3a shows the stress-
strain relationships of O1, 02, and O3 under
uniaxial compression tests. The elastic modulus
and Poisson’s ratio are estimated from these data
and used in the numerical modelling after adjusting
for rock mass conditions. In this case, GSI of Ol,
02, and O3 are taken to be 25, 35, and 70,
respectively. Hoek-Brown [35] m; parameter and
disturbance factor, D is considered as 20 and 0.1,
respectively. Similarly, rocks of HR2 and HR3 are
tested in the laboratory, as shown in Figure 3b.
Table 1 lists various properties estimated from
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these plots. Rock mass properties of host rocks are
determined as ore body. However, GSI for HR2 and
HR3 rock mass are assumed to be 40 and 70,
respectively, for m; of 12 and D of 0.1.

It may be noted that for HRI, uniaxial
compression test is not possible due to the
extremely friable nature of the rock. Therefore,
direct shear tests are conducted and results are
plotted in Figure 4a. The values of cohesion (41
kPa) and angle of internal friction (24°) so obtained
are used to assume the UCS and E values of the
rock mass. Direct shear test results are also plotted
for friable ore (O1) in Figure 4b for determination
of cohesion and friction angle.

In this study, it is proposed that limonitic soil
can be used as paste-backfilling material for filling
the excavated stopes. In order to attain a strength of
at least equal to the host rock, while ensuring the
flowability of the paste, an appropriate amount of
cement and water are to be mixed with the soil. For
this purpose, cemented-paste backfill (CPB)
materials are prepared in the laboratory with
limonitic soil, cement and water respectively
mixed in the ratio of 8.1:1:4.2 by weight. For the
CPB material, uniaxial compression and triaxial
tests are conducted after 28 days of curing. The
results are plotted in Figure 5a and Figure 5b,
respectively. The uniaxial compressive strength
(UCY) is found to be 650 kPa, cohesion 260 kPa
and angle of internal friction 12°. The final
properties of all the materials used in the study are
presented in Table 1 in section 3.3.



Narwal et al.

150 A
lateral strain axial strain
125 -
3 1&30 g
s :
2 % 1 —o
3 :
25,.‘ ).';’: ....... 03
o e
7
r T G Bl T T T ]

-0.004 -0.002 0 0.002 0.004 0.006 0.008

Strain

0.01

a) Uniaxial compression test results of ore (O1, 02, O3)

Journal of Mining & Environment, Vol. 16, No. 2, 2025

150 1

lateral strain 125 1 axial strain

1 B

——HR2
-==-HR3

Stress (MPa)

-0.004 -0002 O  0.002 0.004 0.006 0.008 0.01
Strain

b) Uniaxial compression test results of host rocks (HR2, HR3)

Figure 3. Uniaxial compression test results of ore and host rocks.

v

o

o
L

D

Q

o
1

Shear stress (kPa)
N w
8 8

=

o

o
L

0 T T T T T

y =0.45x + 40.80 N

0 150 300 450 600 750 900

Normal stress (kPa)

1050

a) Direct shear test results of friable chromite ore (O1)

400 -
y=073x+5951
300 - i

200 4 A

Shear stress (kPa)

100 -

100 150 200 250 300 350 400

Normal stress (kPa)

b) Direct shear test results of limonitic host rock (HR1)

Figure 4. Direct shear test results of ore and host rock.

Stress (kPa)

0 T T T T d
0 0.005 0.01 0.015 0.02

Strain

a) Uniaxial compression test result of CPB

0.025

2500 1
2000 A y =1.5302x+ 650 A

- L\.

P1 (kPa)

o X

UCS =650 kPa

450 600 750 900

P3 (kPa)

0 150 300

b) Triaxial test results of CPB

Figure 5. Uniaxial compression and triaxial test results of CPB after 28 days of curing.

3. Mine Design using 3D Numerical Models

The total strike length of ore bodies in the case
study mine exceeds 2000 m. In this study, 400 m of
the strike length, located in the middle of the pit, is
considered, as the pit limit has already been
reached for both ore bodies. Three-dimensional
mine model is developed using seven vertical
sections of the mine geometry taken at every 100
m interval along the strike between latitudes 2000N
and 2700N. One such section is shown in Figure
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1b. ANSYS Workbench platform is used to prepare
3D geometry of each rock layers like O1, HR1, etc.
from these sections. The geometrical model
depicting all rock layers is shown in Figure 6a. It
is, upon detailed discussions, decided that the
underground mine for the friable ore bodies will be
accessed using a decline. The location, dimensions,
and support requirements of the decline are the
potent decisions to be taken in this study. Apart
from that, the stope and pillar dimensions, and
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sequence of mining for safe operations are the other
important but most critical decisions. In the
following, the dimensions of stopes, pillars, and
support requirements of the decline, drives, and
cross-cuts are decided based on the 3D numerical
modelling techniques and detailed discussions
therewith.

3.1. Decision on stope design

It is decided that a decline will be constructed in
between the MB and NB ore bodies for
transporting men, materials, and ores. Figure 6b
depicts the decline, crosscuts, and drives for
servicing the MB ore body. The pit bottom of the
MB ore body is 15 m RL, and hence, a cross-cut is
made at -35 m RL (giving a stope height 50 m)
from the decline to reach the footwall drive. From
the footwall drive, extraction cross-cuts will be
made at every 20 m centre-to-centre at an angle of
about 60° along the strike to access the ore body as
shown in Figure7, and thereby generating
individual stopes. The stope width is decided to be

Journal of Mining & Environment, Vol. 16, No. 2, 2025

kept 20 m along the strike. The stopes are named as
“Primary”: P1, P2, P3, and so on, ‘Secondary”: S1,
S2, S3, and so on, and “Tertiary”: T1, T2, T3, and
so on. They are marked in Figure 7 for the NB as
well as MB ore bodies. The details of the numerical
analysis leading to this decision are discussed in the
succeeding section along with the definition of
primary, secondary, and tertiary stopes. How far the
next stope should be mined i.e. the pillar width is
decided after analysing a series of mining and
backfilling sequences. This pillar width is varied
between 30 m, 40 m, and 50 m, which gives rise to
three major sequences. The main idea is to extract
the primary stopes first, while maintaining
sufficient pillar in between two consecutive
primary stopes. After the filling of primary stopes,
secondary stopes will be mined in sequence, and so
on. The success of the proposed mining method
depends heavily on the stability of the pillar (in-situ
and backfilled), eventually giving rise to the final
mining sequence. Two ventilation shafts are also
proposed in the two corners of the two ore bodies.

a) 3D mine model showing surface mine slopes.

decline turning
diameter 50 m

b) Underground developments and decline dimensions.

Figure 6. 3D mine model showing existing surface mine and the proposed underground developments.
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3.2. Sequence of mining and backfilling

As mentioned before, the width of each stope
along the strike of the ore body is decided to be 20
m. The decision of stope width of 20 m is taken
considering the restriction due to regulatory
guidelines and desired production needs. It is also
decided that, for a better ground control, one stope
will be mined at a given time. Hence, the sequence
of mining and filling of stopes must be chosen
judiciously to maintain a level of safety in and
around the Stopping zone. In this study, three broad
sequences are assumed, namely:

Q1 (consecutive sequence): distance between two
primary stopes is 20 m.

Q2 (alternative sequence): distance between two
primary stopes is 40 m.

Q3 (subsequent sequence): distance between two
primary stopes is 60 m.

The mining and filling operations for each
sequence are illustrated in Figure 8. A stope is
termed as “primary (P)” stope if both sides along
the strike have unmined stopes. A “secondary (S)”
stope is defined if one side has unmined stope, and
the other side has a filled stope. A stope is called
“tertiary (T)” if both the sides have filled stopes.
For analysis purposes and comparison of various
sequences, it is decided to perform (mining and
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backfilling) operations on a fixed ore length of 120
m along the strike. In Figure 8, mining and filling
operations are carried out along 100 m strike length
along with 10 m pillars left unmined on either end.
In Figure 8a., four distinct operations are shown in
QI or consecutive sequence plan, as stated below:

Operation 1: Mining of primary (P) stopes, i.e. Q1PM.

Operation 2: Filling of primary (P) stopes with backfill
material, i.e. Q1PF.

Operation 3: Mining of tertiary (T) stopes after filling
of the primary stopes, i.e. Q1TM.

Operation 4: Filling of tertiary (T) stopes, i.e. Q1TF.

Operation 1 is named as QIPM, where Q1
indicates sequence 1, and PM indicates primary (P)
stopes after mining (M) leaving 20 m unmined
pillar on either side. In the nomenclature QI1PF,
letter F indicates filling. Operation 3 is named as
QITM, where tertiary (T) stopes are mined (M)
only after filling the primary stopes. Operation 4 is
termed as QITF, indicating filling (F) of tertiary
(T) stopes. Similarly, Figures 8b and 8c show the
operations for alternative and subsequent
sequences. For each of the sequences, Q1, Q2, and
Q3, stope height is varied as 30 m, 40 m, and 50 m,
which are designated as HI1, H2, and HS3,
respectively. This gives rise to the final
nomenclature of models. For example, Q1HI1TF
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implies an operation in sequence 1 having stope using the Drucker-Prager material models in
height of 30 m, where primary and tertiary stopes ANSYS. Altogether, 36 numerical models are
are filled. The various mining and backfilling selected for comparison purposes. The details of
operations of three sequences (Q1, Q2, and Q3) models are provided in section 3.3.

shown in Figure 8 are developed and analysed

120 m

Unmined ore body

ﬁ: piTplT P |§/j
i 0 B

Operation 4 = Q1TF

Legend - ] unmined stope (] Mined stope Filled stope
a) Sequence 1 (Q1).
/ |
L i
1 e
| 20m 40m | "\ ore body ' "20m, 20 m, 20m
Operation 1 — Q2PM Operatlon 4 - Q2SF

" 20m 20m|20m

Operation 5 -Q2TM

I20m 20m|20m

Operation 3 - Q2SM Operation 6 — Q2TF

Legend - Unmined stope (] Mined stope Filled stope

b) Sequence 2 (Q2)

Figure 8. The operations of the three Stopping sequences.
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3.3. Material properties and elasto-plastic

model

An example of a 3D numerical model for
simulating operations on MB ore body, having
components same as the mine model in Figure 6a,
is developed and shown in Figure 9a. An elasto-
plastic analysis is carried out using the Drucker-
Prager yield criterion [36]. Table 1 gives the
material properties used in the analysis, the details
of which are included in section 2.

The boundary conditions for the model are
given in Figures 9b and 9c. In the model, horizontal
stresses are applied on vertical sides, and the
corresponding opposite sides are fixed in the
normal direction as shown in Figures 9b and 9c.
However, horizontal stresses are applied below the
ultimate pit level since, due to surface mining, the
continuity of rock strata is disturbed. Figures10a,
10b, and 10c show the ore body MB in 3D
numerical model (Figure 9a) prepared for sequence
1 (Ql) operations QIHIPM, QIHITM, and
QIHITF, where stope height is 30 m (H1).

Table 1. Material properties used in 3D modelling.

Friction angle ¢

. Densi Young’s modulus Poisson’s Cohesion (c
Material g/mg & Py ®) - Polsson’s s (va) ko) © p
01 3000 700 0.30 1.40 41 24
02 3000 1500 0.10 6.60 890 40
03 3600 13398 0.20 50.00 3516 58
HRI1 2000 250 0.35 0.73 60 36
HR2 2000 1500 0.12 3.00 780 35
HR3 2900 25400 0.15 43.00 3800 55
CPB 1500 50 0.25 0.65 260 12
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b) Boundary conditions along Z axis ¢) Boundary conditions along X axis
Figure 9. Models analysed for mining and filling operations.

20 20 20 20 20

a) Primary stopes mined (Q1H1PM)
20 20 20 20 20

T filled

MB ore body (01)

¢) Primary and tertiary stopes filled (Q1H1TF)

MB ore body (01)

b) Primary stopes filled and tertiary stopes mined
(QIHITM)

Figure 10. Operations of sequence 1 (Q1) on stope height 30 m (H1) performed on MB ore body
3.4. Material model —

In this study, the Drucker-Prager yield criterion j]; (2+Np) —om(Ny +1) — 2¢ \[ Ny=0 (341
[36], as given in Equation 3.4.1, is used for
evaluating the onset of rock failure.

489



Narwal et al.

where, gy, , Ny, and J; are, respectively, the
mean normal stress, triaxial factor, and second
invariant of stresses, as given below:

o+ 0, + 03

O = 3 (3.4.2)
1+ si
Ny = % (3.4.3)
_1 2 2
I, = 5 [(0; —0)* + (0, — 03) (3.4.4)

+ (03 — 01)?]

where, g, 3 are principal stresses, ¢ is the
angle of friction.

The above DP criterion has been implemented
in ANSYS Workbench platform, where uniaxial
compressive strength, biaxial strength, and tensile
strength are the necessary inputs. In the absence of
laboratory-experimented biaxial strength data,
Equation 3.4.11 [37] is used to estimate the biaxial
strength (fpc). Tensile strength (7) of limonite and
chromite ores is assumed to be negligible.
However, in this study, to implement the DP
criterion, it is considered to be one tenth of the
uniaxial compressive strength, UCS as is done for
other rocks, which still comes out to be negligible.

_3xUCS

Joc —m (3.4.11

The elasto-plastic material properties are thus
estimated. Elasto-plastic material behaviour is
assigned to HR1, HR2, O1, and O2, while the rest
are kept elastic since stress level is too low as
compared to their uniaxial compressive and tensile
strength.

3.5. Quantification of mining and filling
sequence: mining sequence factor

As is evident from Figure 8, given any
operation, a 20 m-wide operated condition
(mined/unmined/filled) will be surrounded by one
of the three conditions, namely, in-situ pillar (or
unmined stope), filled stope (or backfilled pillar),
and mined/empty stope. For instance, an in-situ
pillar may exhibit five different conditions, as
illustrated in Figure 11a, and a filled stope may
have six conditions, as shown in Figure 11b. The
strength of each pillar/stope condition as well as the
strength contributed by the surrounding conditions
along the strike (left and right) must be accounted
for. This influence by virtue of strength is taken
care of by a new metric called the Mining Sequence
Factor (MSF), which overall helps differentiate
between the various 36 operations. Only the
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conditions along the strike within the ore body are
considered, as the host rock conditions remain
unchanged for all operations. The MSF is
calculated as follows.

i) Calculation of fill factor, n

The three operated conditions unmined, mined
and filled are assigned a “fill factor”. Considering
a mined-out open stope has no strength, it is
defined as:

strength of operated condition

"~ strength of unmined condition (3.5.1)
The strength is derived from the UCS of the
material forming the operated condition, i.e.
strength of unmined condition is UCS of O1 (1400
kPa), of filled condition is UCS of CPB (28-day
strength is 650 kPa), and that of mined condition is
zero due to absence of any material Hence, n = 0
for mined-out stope, 1 = 0.464 for filled stope (or
backfilled pillar) and n = 1 for unmined stope.

ii) Calculation of nominal strength factor, o

Now, consider Figureslla and 11b, where
different conditions that may arise around an in-situ
pillar and a filled stope are depicted. The strength
imparted by these conditions on to an operated
condition is taken care of by a nominal strength
factor, g, and is estimated using:

2L % n;)
0g=—g— (3.5.2)
Xl
where, [; = width of the unmined pillar or

backfilled stope i and width of
mined/filled/unmined stope, n; = fill factor for the
corresponding pillar/stope. For example, in
condition number 5 in Figure 11b, for the filled
stope itself in the middle, [; = 20 m, but the effect
of the condition on either side is taken into account
only for one-half of the whole width of the
condition and [; = 10 m here, giving Y, [; = 40 m.
Thus ¢ = 0.482 for condition number 5. Following
suit, o is calculated for each of the five 20 m-wide
stopes/pillars and 10 m-wide unmined pillars on
the ends along the 120 m length fixed for
comparison of different mining/backfilling
sequences as shown in Figure 8.

iii) Calculation of mining sequence factor

Finally, MSF is calculated as a weighted
average of ¢ along the entire length of 120 m for
which the models are analysed, and is given as:
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where, Y. m; = 120 m.
. X O b i
MSF = M (3.5.3) For example, in Figure 8a, operation 5-Q1TM,
xm; the value of MSF is calculated as:

_ (10 0.87) + (20 x 0.482) + (20 X 0) + (20 x 0.232) + (20 X 0) + (20 x 0.482) + (10 X 0.87)

MSF
120
MSF = 0.344
Here, an MSF of 1 indicates no mining has how much strength is retained in situ by
taken place, i.e. in-situ condition, and that of 0 backfilling, as compared to the in-situ condition for
indicates no pillar is left behind, which, in reality, each operation of mining or backfilling. The MSF
is not practical. MSF, in a way, is an indicator of is also independent from stope height.
Sr.No.|  Types of conditionsaround in-situ pillar [
1 05
2 0.62
3 0.87
4 0.75 LEGEND
Fill Condition
mined
5 1 . unmined
filled
a) Around an in-situ pillar.
Sr. No. Types of conditions around filled stope o
‘ 10 20 l:
1 ; 0.232
10 20 10
2 AR 0.348
3 SR 0.464
10 20 10
4 ’ ’ 0.482
10 20 10
Fill Condition
mined
6 0.732 unmined
filled

b) Around a filled stope.
Figure 11. Values of nominal strength factor o for different conditions.
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The least MSF value is found to be 0.29 in
models Q1PM for all the stope heights H1, H2, and
H3, and the highest value is 0.577 in models Q1TF,
Q2TF, and Q3TF for all the heights. Different
values of MSF are calculated for all the models or
operations of all the three sequences Q1, Q2 and

Q3.
3.6. Estimation of average EPS of the stope and
pillar systems

From each of the 36 numerical models,
Equivalent Plastic Strain (EPS) profiles are

===-Q1lH3TM ——Q2H3PM

Journal of Mining & Environment, Vol. 16, No. 2, 2025

extracted 1 m below the surface level at the middle
of the MB ore body. Typical profiles for QIH3TM,
and Q2H3PM are shown in Figurel2. It is clear that
at the corners of the in-situ pillars and filled stopes,
plastic strain accumulates creating a favourable
condition for pillar spalling. The average value of
EPS is estimated over 120 m length of the mining
sequence and they are found to be 1.0 X 10~ and
5.8 x 10™* for QIH3PM and Q2H3SM models,
respectively. Similarly, average EPS (termed as
AEPS) are estimated for all 36 models and plotted
with MSF, as shown in Figurel3.

45 -
40
35 A
<« 30 4
S 25 A
X 20 A
& 15 -
w
10
Jaen
0 = r— 7
0 20 40

Distance (m)

Figure 12. Distribution of EPS

Table 2 lists the maximum and minimum AEPS
values with height of stope and MSF. Figurel3
shows the variation of MSF with AEPS for all the
three stope heights H1, H2 and H3. The figure
clearly shows that the magnitude of the slope of

AEPS and the corresponding intercept increases
with the height of the stope. The slope changes
negatively 1.7 times if stope height changes from
30 mto 50 m.

Table 2. Maximum and minimum AEPS for each stope height and corresponding MSF.

Stope height AEPS (x 107%) Model MSF
. max 7.90 QIHIPM 0.290
min 0.32 QIHITF, Q2HITF, Q3HITF 0.423

- max 9.30 QIH2TM 0.344

min 0.48 QIH2TF, Q2H2TF, Q3H2TF 0.423

3 max 12.00 QIH3TM 0.344

min 0.31 QIH3TF, Q2H3TF, Q3H3TF 0.423

The plot of AEPS vs MSF is an attempt to
provide a tool for selecting a particular sequence of
mining that can be chosen to safely mine the ore
body by 20 m wide transverse Stopping method. In
order to distinguish the favourable zones, in which
AEPS is allowable for mining, the distribution of
EPS in the 3D numerical models are shown in
Figures14a, 14b, and 14c. From Figurel4a (model
QIH2TM), it is clear that an AEPS of 9.3x 10~*
occurs for an MSF of 0.344. The concentration of
EPS is found to be developed in the order of 0.002

to 0.006 at the corners of the pillars, and also
extending to the end pillar. On the other hand, the
models Q2H3PM and Q2H3TM are not so severe
(Figure14b and 14c). It is found to be in the order
of 0.001 to 0.004 in the corner of the pillars. The
AEPS is 3.6 X 10™* and 5.0 X 107*, respectively
in these two models for MSF of 0.52 and 0.461.
Overall, an AEPS of4 x 10~* and below develops
if the pillar (in situ or backfilled) width is 40 m or
above. In contrast, uniaxial tests of chromite rock
suggest a total strain of 0.38% at failure. In the
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same token, triaxial test results of backfill sample
gives a total strain of 1.84% at failure. Therefore,
considering unforeseen circumstances on field and
blasting aspects, threshold AEPS value is decided
to be 8 x 10™*, which is five times safer than
0.38% strain from uniaxial test results of chromite.
As a result, it is decided that any operation with
MSF below 0.35 and AEPS above 8 X 10™* would
not be safe. Hence, the zone belonging to this
definition is termed as “severe”, and is not
recommended. On the other hand, an AEPS below

Journal of Mining & Environment, Vol. 16, No. 2, 2025

4% 10~* would mean absolutely safe operation and
termed as “ideal” operational zone (Figurel3).
However, an AEPS in between 4x 10~* and
8x10™* can also be considered for mining
operation, since there is at least a 40 m pillar in
between two open stopes. This zone is termed as
“moderate” operational zone. In Figurel3, the
shaded zone represents the mineable zone for the
friable ore bodies using transverse Stopping
method.

14 -
12 A o
[
>
[
10 A [
y=-26.84x + 16.827D D
T A ________________________
(]
b y =-33.716x + 20.735 =
o 6 v 2 g
S o ¢ . g
-4 ——m—————— A — D SEELL el L B e e —
17,) .. @ [ ]
Q. 0.
w _ y =-19.564x + 12.346
< p ©
’ 3 p e
0 r : ; ; . : - = .
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
MSF
H3 OH2 AH3

Figure 13. Variation of EPS with respect to MSF indicated for the different operations.

Based on the above observations, it is
compelling to maintain the pillar width (either in-
situ or backfilled) of 40 m or more at all times to
stay in the safe zone, depicted by the shaded zone
in Figurel3. Along these lines, sequence Q2, also
while considering the desired production level, is
then recommended as the mining and filling
operations for safely extracting the ore bodies, MB
and NB. Sequence Q3 can also be adopted,
however, initial development work would be much
higher as compared to sequence Q2.

4. Sensitivity Analysis

A sensitivity analysis based on the properties of
backfill material (CPB) and friable ore (Ol) is
conducted to determine changes in EPS on the
pillars. Three different sets of properties are taken
into consideration for the sensitivity analysis viz. 1)
M-10 signifies the properties, mainly modulus of
elasticity and UCS, are reduced by 10% from MO,
i1) MO implies the material properties mentioned in
Table 1, and iii) M+10 includes the models where
properties are increased by 10% from MO. Table 3
lists the properties used for this analysis.

Table 3. Properties used for sensitivity analysis

Model set Materials Young’s modulus (MPa) UCS (MPa)

M-10 Ol 630 1.26
i CPB 45 0.58
Ol 700 1.40
Mo CPB 50 0.65
() 770 1.54

M+10
CPB 55 0.72
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¢) Q2H3TM (AEPS = 5.0 x 10™*, MSF = 0.461).

Figure 14. Distribution of equivalent plastic strain in numerical models.

EPS results are presented for the recommended
sequence (Q2) for the maximum stope height (H3).
The mine sequence model, Q2H3TM possesses the
maximum AEPS among all the mining operations
for Q2, while Q2H3PM possesses the least AEPS
apart from the fully backfilled condition. EPS
results are plotted for Q2H3PM and Q2H3TM in
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Figures15a and 15b, respectively. As before, the
maximum EPS is observed at the corner of pillars
for the operations, and the M-10 model shows the
highest among the three cases analyzed. The
corresponding AEPS is also calculated and
compared for M-10, M0, and M +10 in Table 4.



Narwal et al.

35.0 1
30.0 A

)
N
(%
o
1

20.0 A
15.0 4
10.0 A \

EPS (x 10 *4

Journal of Mining & Environment, Vol. 16, No. 2, 2025

M+10

-4
EPS=8x10

e un
o o
4

o
o
L

120

Distance (m)

a) Distribution of EPS for Q2H3PM

EPS=8x10"

EPS (x 10 -4)

5.0 -
4

M+10

-z
>

20

60 100 120

Distance (m)

b) Distribution of EPS for Q2H3TM
Figure 15. EPS results for M-10, M0 and M+10

Table 4. Maximum EPS and AEPS observed on varying properties.

Model set Parameter Q2H3PM Q2H3TM
Maximum EPS 23 X 10™%, 30% increase 40 x 10~*, 25% increase
M-10- S Eps 6.5 x 1074, 60% increase 6.9 X 1074, 38% increase
MO Maximum EPS 23x107* 32x107*
AEPS 4,0 x 1074 5.0x 1074
MA10 Maximum EPS 18 x 1074, 22% decrease 23 x 1074, 22% decrease
AEPS 2.7 x 107, 33% decrease 2.4 x 107*, 52% decrease

Apart from the observations made in Table 4, it
is found that in case of operation Q2H3PM, there
is sharp increase in AEPS to 6.5 X 10™* when
properties of the ore and backfill material are
simultaneously reduced by 10%. However, in both
cases of Q2H3PM and Q2H3TM, AEPS still lies
below the critical AEPS value of 8 X 107%. It is
found that the radius of influence of strain
exceeding the critical EPS value (8% 107%)
increases only by 0.5 m, and reduces by 1.5 m when
the properties are decreased and increased by 10%,
respectively. On the other hand, in case of the most
critical operation Q2H3TM, the increase is by 2 m
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and reduction by 6 m for M-10 and M+10,
respectively. The above analysis suggests that even
if material properties vary in the field, mining
method suggested in this paper is applicable since
AEPS will not exceed 8 X 10™* and the radius
critical yield zone will remain within 6 to 8 m of
the excavated zone.

On the other hand, the result of this study is
under consideration by a chromite mining company
for possible field trial. The mine officials have
accepted the design guidelines presented for
stopes, pillars and sequence of operations. Upon
receiving the permission from regulatory agency,
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the company may start field operation first by
developing the decline, followed by stopping
operations.

5. Decision on Support Requirements of Decline,
Drives, and Cross-cuts

The dimensions of decline, drive and cross-cut
are decided to be 5 m x 3.5 m for a yearly
production of 0.75 million tonne. According to
NGI [21] chart for support design, the rock mass
quality is “very poor”, and it suggests the support
category 7, which is a combination support system
of fibre-reinforced concrete of thickness not less
than 15 cm, reinforced ribs of sprayed concrete and
bolting. However, in the present study, fibre-
reinforced concrete will not be appropriate as well
as bolts may not anchor in the rock mass.
Therefore, a permanent support system comprising
of RCC (Reinforced Cement Concrete) liner and
steel arches is recommended for the excavation
walls and plain concreting for the floor.

Apart from the permanent support, the stability
of any excavation during operation also depends on
the exposed or unsupported area during
construction [38]. It is proposed to make a
development of 1 m and support it before
advancing for the next 1 m. As soon as the
development of 1 m is made, it is recommended to
support with RCC liners.

5.1. Support performance analysis using 3D
numerical models

In order to conduct the study on support
requirements, a section of underground
development, specifically a decline, is modelled.
The model consists of limonitic host rock, and has
a depth of 100 m, with side-walls extending
horizontally for 50 m on each side (Figurel6a). The
decline is excavated within the host rock, spanning
a length of 50 m and sloping at 1 in 8. It is subjected
to an overburden load of 50 m, which also
represents the height of the stope. Horizontal stress
across the decline is neglected due to open area
towards the surface benches. Vertical gravity load
is applied to the model based on the rock density.
The RCC liner is simulated as a composite material
comprising of RCC and concrete. Steel arches,
assumed to be I-section beams with a uniform
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thickness of 20 cm, are placed at every 1 m along
the decline's length. A representative model of the
support is shown in Figure16b.

The steel arch, an I-beam, is assumed to have a
uniform thickness of 20 cm. I-beams are often
made from grade ASTM A992, which has a yield
strength of 340-450 MPa, compressive strength of
250-400 MPa, Young’s modulus of 200-210 GPa,
tensile strength of 400-550 MPa. The typical
density of ASTM A992 steel can be estimated to be
around 7850 kg/m?, which is the standard density
for many structural steels. The RCC component is
assumed to behave as a structural beam. As per IS
456 [39], the percentage of reinforcement in an
RCC beam ranges from around 0.5% to 4% of the
cross-sectional area of the beam. For this study, 1%
of reinforcement is assumed, and M40 concrete is
assumed. Thereby, the density of RCC is calculated
as a weighted value of steel reinforcement and
concrete. Similarly, the value of Young’s modulus
and compressive strength of RCC are calculated to
be 29 GPa and 43 MPa, respectively, and listed in
Table 5. Young’s modulus of concrete is given as
5000 x \/fc_k [39], where f; is characteristic
compressive strength of concrete. This gives
Young’s modulus of RCC composite as 31 GPa but
the conservative value of 29 GPa is chosen for this
analysis. The concrete floor is assumed to be made
of M25 concrete and the standard material
properties of M25 concrete are used. The material
properties of the steel arches, RCC, and concrete
used in the analysis are presented in Table 3. The
properties of HR1 are previously mentioned in
Table 3 along with other rock mass materials. The
analysis considers the Drucker-Prager yield
criterion for the limonitic rock mass, while
considering the support elements as elastic
materials. The results are evaluated for four
different conditions: i) the entire length of the
decline is unsupported (S0), ii) the last 1 m of the
decline is unsupported (S1), iii) the last 2 m from
the face of the decline are unsupported within the
friable limonitic rock mass (S2), iv) the entire
length of the decline is supported (S3). The results
are analysed using following parameters: the
minimum principal stress (o3) and the Equivalent
Plastic Strain (EPS).
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>

a) Full model
Figure 16. 3D model to analyse the performance of the proposed support system.

Concrete floor
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Steel arches

N

RCC liners

b) Support system

Table 5. Material properties of support components.

Component Density Young’s Modulus Compressive strength Tensile strength
(kg/m’) (GPa) (MPa) (MPa)
Steel arch 7800 200 250 400
RCC liner 2900 29 43 4
Concrete floor 2000 25 30 3

Figures17a and 17b illustrate the distribution of
EPS in the rock mass surrounding the cross-
section, representing the S3 and SO models. It is
evident that the combination of composite RCC
and steel arches significantly reduces plastic strain
along the roof and walls of the decline. The
distributions of minor principal stress and
cumulative effective plastic strain at 0.5 m inside
the host rock along the decline axis are plotted in
Figurel8a and 18b, respectively. The results
indicate that the development of plastic strain in an
unsupported decline near the face is 0.15%, which
is thirty times higher compared to the fully
supported model. Similarly, the minor principal
stress is also higher for the 2 m unsupported model.

EPS

0.004
0.0036
0.0031
0.0027
0.0022
0.0018
0.0013
0.00089
0.00044
0

a) Across decline in condition S0

Table 6 summarizes the impact of unsupported
length on various result parameters for the four
conditions. It is evident that leaving the decline
unsupported by 1 m from the face (S1) is almost as
safe as the fully supported condition (S3), while an
unsupported length of 2 m (S3) results in an
undesirable increase in stress and strain values.
Therefore, the fundamental principle guiding the
installation of the support system is to ensure that
no more than 1 m of face remains unsupported at
any given time. Additionally, RCC liners provide
an approximate factor of safety of about 4-5,
whereas steel arches offer a factor of safety well
above 100. Consequently, the support system is
deemed safe for all underground developments.

EPS

0.004
0.0036
0.0031
0.0027
0.0022
0.0018
0.0013
0.00089
0.00044
0

b) Across decline in condition S3

Figure 17. Distribution of equivalent plastic strain in limonitic rock.
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Figure 18. Parameters recorded along path 1-2 for conditions S0, S1, S2, and S3.
Table 6. Comparison of the effect of conditions S0, S1, S2, and S3 on parameters.
Conditions o3 (MPa) EPS (%)
S0 and S3 0.8 MPa reduced (50%) to 0.4 MPa 0.10% reduced to almost 0.01% i.e. close to zero
S1 and S3 0.4 MPa for both models Jumped to 0.025% from 0.01%
S1 and S2 0.4 MPa increased (5%) to 0.42 MPa Jumped to 0.05% from 0.025%

6. Conclusions

The paper presents a solution to mine first 50 m
of the two ore bodies MB and NB below the
ultimate pit level underground below an open-pit
mine composed of friable ore bodies and friable
host rocks without leaving a crown pillar, and
especially in a situation, where the traditional
mining methods seemed precarious. A novel
transverse Stopping method comprising of vertical
long-hole blasting from the surface and mucking of
ores from the underground is proposed. In order to
ensure the possibility of the novel mining method
on field, geotechnical studies comprising safe stope
and pillar dimensions, sequence of mining and
filling operations, support measures and slope
stabilisation are performed, out of which slope
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stabilisation does not fall under the scope of the
paper. At a time, only one stope will be mined and
only after paste backfilling, the adjacent stope will
be mined. The stope and pillar dimensions are
decided after analysing the stope height among 30
m, 40 m, and 50 m, while the pillar width along the
strike of the ore body is varied among 20 m, 40 m,
and 60 m. A total of 36 models are analysed for
considering  different mining and filling
sequences/operations. For each operation, a novel
Mining Sequence Factor (MSF) is proposed, and
estimated within a range of 0 and 1. This factor is
an indicator of cumulative strength of 120 m of
mining distance along the strike. The results from
the models are extracted in terms of average value
of equivalent plastic strain (AEPS) at 1 m below
the UPL. A relationship between AEPS and MSF
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suggests that in order to mine MB and NB ore
bodies safely with transverse Stopping method,
MSF must be more than 0.35 and AEPS below
8 X 107%. It, thus, is decided that at no point of
time, pillar dimensions, either in situ or backfilled
or both, should be less than 40 m. Further, a
sensitivity analysis is performed that implies the
mining method suggested in this paper is
applicable even if material properties vary in the
field.

Finally, the support system of the decline/drives
to be constructed in limonitic rock must have the
combination of RCC liner of 30 cm thickness and
steel arches at 1 m distance. Based on the stresses
and EPS distributions, it is concluded that the
length of excavation that may be left unsupported
from the face shall not exceed 1 m. The paper has
attempted to provide a comprehensive solution to
the unique and complex problem of extracting the
friable ore bodies located beneath the open-pit
mine hosted in friable rocks.
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