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Abstract We studied an underground coal gasification
technique using strip mining-face mining gasifier con-
trolled retraction injection technology (SMFM). This green
mining approach offers several advantages over conven-
tional strip mining but the stress distribution and stability
of SMFM operations remain largely untested. In particular,
hyperbolic coking pillars are used in SMFM compared with
rectangular pillars used in traditional strip mining, which
can influence the ultimate bearing capacity and stability.
We use numerical simulations to investigate the influence
of different factors (arch height, pillar height and width,
mechanical characteristics), under the coupling effect of
high temperature, on the ultimate bearing capacity of
hyperbolic pillars. Our results indicate that arch height has
a strong influence on pillar stress, while changes in pillar
width and height are less significant. A stability evaluation
method is proposed and tested on a case study in Inner
Mongolia. Our theoretical results have practical signifi-
cance for the promotion and application of SMFM.
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Introduction

Underground coal gasification (UCG) technology controls
underground coal combustion processes and produces
combustible gas using thermal and chemical reactions. As a
green mining method, UCG extracts energy from coal
resources using a gasification process and leaves tailings
(e.g., ash and gangue) in a combustion area. This new
technology, which integrates shaft building, coal mining,
and gasification configurations, is considered a second
generation mining method of developing clean energy and
chemical materials, and can be applied to different disci-
plines (Zamzow 2010; Khadse et al. 2007; Shafirovich and
Varma 2009; Bhutto et al. 2013; Yang et al. 2008; Prabu
and Jayanti 2011, 2012; Stanczyk et al. 2011; Mcinnis et al.
2016).

UCG technology has the capacity to exploit coal
resources left over by conventional mining with the bene-
fits of higher safety, fewer contaminants, and low required
investment. Compared with conventional mining, UCG
offers valuable advantages in controlling the gasification
working face, minimizing mining-induced environmental
problems, and producing valuable clean energy and
chemical materials required for economic development.
Moreover, by combining strata movement theory and
control technology, UCG provides access to coal resources
with high recovery difficulty or low economic value,
including those buried under buildings, railways and water
bodies, as well as thin and deep coal seams. The devel-
opment of UCG technology is therefore not only important
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for protecting the environment, but also of great practical
and long-term significance for the international coal
industry to manage market demand and carbon supply.

The concept of UCG was first put forward by the Ger-
man scientist, Sir William, in 1868 (Siemens 1868). After
more than a century of effort by scholars worldwide, the
first experimental UCG workstation was established in
Uzbekistan in 1961 (Klimenko 2009). Studies were con-
ducted during that time by the former USSR, USA, and
others (Derbin et al. 2015; Stuermer et al. 1982; Shafir-
ovich and Varma 2009). However, many disadvantages
remained including an excessive number of gasification
boreholes, high gasifier costs, and higher requirements
from the surrounding geological and hydrological condi-
tions. By 1976, a controlled retraction injection (CRI) point
gasification technique was proposed by Lawrence Liver-
more National Laboratory, which greatly promoted the
development of UCG technology (Couch 2009). At pre-
sent, the world’s primary UCG operations include the
Chinchilla in Australia (Walker et al. 2001), Angren in
Uzbekistan, and Majuba in South Africa (Shafirovich and
Varma 2009). Industrial UCG experiments are also actively
carried out in several Chinese coal mines including the
Xuzhou Mazhuang, Tangshan Liuzhuang, Chongqing
Zhongliangshan Northern, Huating, and Matigou (Yang
et al. 1998, 2000; Wang et al. 2008; Xin et al. 2013; Xin
2014).

Strip mining involves the division of a mining area into
formal strips, some of which are actively mined. The core
issue of strip mining design is the stability of coal pillars.
Strip coal pillars can usually support the load of overlying
strata, which may move and deform during operation, and
control surface subsidence (Guo et al. 2016; Gao 2014; Li
et al. 2016). Wilson established the well-known strip coal
pillar design formula based on pillar yielding capacity
using a mechanical model (two zone constraint theory),
which has become a classic method of strip coal pillar
design. At present, the most widely used evaluation method
of coal pillar stability is the safety factor method.

Conventional mining employs rectangular and primary
coal pillars, while the UCG arrangement of strip mining-
face mining gasifier CRI underground gasification tech-
nology, hereafter referred to as SMFM, uses hyperbolic
coking (i.e., semi-coking) pillars. Differences in the
mechanical properties of pillar structures lead to different
bearing mechanisms, deformation characteristics, and
influence the pillar stress distribution, safety, stability, and
capacity. Temperatures in the gasifier can reach up to
1400 °C (Tang 2013), which can also influence the bearing
capacity. As a consequence, problems with the large-scale
popularization and application of UCG technology are
likely to occur. For example, the separated coal pillars
should be reduced to improve resource utilization, and the
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geometric parameters of the gasifier should be optimized to
control the destruction of overlying strata in the combus-
tion cavity and surface subsidence, as well as to protect the
ground environment.

The development of modern directional borehole and
UCG technologies allowed industrial experiments, sup-
ported by National High-tech Research and Development
Projects (863), to be conducted jointly by the ENN Group
and China University of Mining and Technology between
2011 and 2014 (Kang and Liang 2011). In particular, four
gasified working faces were studied at an experimental
demonstration base in Ulan Qab, Inner Mongolia.
Numerical methods were used to analyze the stress distri-
bution in hyperbolic coking pillars to better understand the
influence of both pillar dimensions and mechanical prop-
erties on their bearing capacity. Based on our findings, we
propose a stability evaluation method and apply this model
to a case study engineering project. Our results have
important theoretical and practical implications for the
promotion of UCG technology worldwide.

Materials and methods
Gasification technology

A schematic diagram of SMFM technology is shown in
Fig. 1. The first implementation step includes drilling and
combustion to form both gas removal and ignition chan-
nels. The starting point of the gasification process, labeled
as a red circle (A) in Fig. 1, is then ignited, and the first
working face is gasified in a retraction-controlled manner.
The same approach is subsequently applied to additional
working faces (e.g., second, third, and fourth gasification
faces in Fig. 1). To verify the effectiveness and reliability
of the SMFM, drill samples of the gasified coal pillar were
collected and analyzed using energy disperse spectroscopy
(EDS) (Fig. 2) (Bruker Quantax 400) (Meyer et al. 2012;
Marras et al. 2013). The measured carbon content of lignite
samples is found to decrease substantially after gasifica-
tion, leaving mostly Si and Mg (Fig. 2), which verifies that
SMFM can be used to extract energy from coal resources.
The coal pillar formed by SMFM technology is hyperbolic,
as shown in Fig. 3.

Numerical simulations

We performed numerical simulations to calculate bearing
stresses resulting from different dimension-based variables
(pillar height, width, and arch height) and mechanical
properties (cohesion) using ANSYS and FLAC®3D soft-
ware. The elastic-plastic limit equilibrium method (Fan
2004) was used to obtain the total bearing energy of the
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Fig. 1 Schematic diagram of the strip mining-face mining gasifier
CRI underground gasification technology (SMFM)

pillars. Origin software was used to fit the results (Zhang
et al. 2005; Yu et al. 2010).

In the dimension-based simulations, two variables were
kept fixed (e.g., pillar height, width, or arch height) while a
third varied over a range of values. The first set of

Fig. 2 Energy spectrum
analysis of coal samples after
gasification

Gasification
Hole

simulations (n = 6) included variable arch height
(0-2.5 m, 0.5-m increments) with a fixed pillar height and
width of 5 and 10 m, respectively (Fig. 4). The second set
(n =5) included variable pillar width (10-50 m, 10-m
increments) with fixed pillar and arch heights of 5 and
1.5 m, respectively (Figure 5). The third set (n = 6)
included variable pillar height (4-10 m, 1-m increments)
with fixed pillar width and arch height of 10 and 1.5 m,
respectively (Fig. 6). In the material-based simulations
(n = 5), dimensions were kept fixed (height: 5 m; width:
10 m; arch height: 1.5 m) while cohesion values varied
from 0.6 times to 1.4 times in 0.2-MPa increments.

In all simulations, the pillar length was 100 m and the
model bottom kept fixed. Geomechanical parameters were
taken from experimental results of Tang (2013) obtained
on coal samples from Ulan Qab (Table 1). These authors
report that the large mechanical property changes of the
pillars generally occur within the first 2-3 m on both sides
of the combustion area. The depth of the cohesion property
in the simulations was therefore set to within two meters.

Results

Our results indicate that pillar arch height has the strongest
influence on its bearing capacity compared with other
dimension-based variables (i.e., pillar height, width). It can
be seen in Fig. 7 that stress decreases linearly (R*is 0.981)
with increasing arch height, from ~ 3.5 MPa in the arch-
absent scenario (arch height = 0 m) to ~ 1 MPa (arch
height = 2 m). The relationship between stress and pillar
width (Fig. 8) shows a much weaker effect, with stress
increasing only slightly from ~ 1 MPa (10-m width)
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Fig. 3 Physical structure of separated coal pillars after gasification
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Fig. 4 Hyperbolic coal pillars
with different arch heights.
Pillar height and width are 5 and
10 m, respectively. a 2.5 m
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Fig. 5 Hyperbolic coal pillar
models with different widths.
Pillar height and arch height are
5 and 1.5 m, respectively.
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Fig. 6 Hyperbolic coal pillars
with different heights. Pillar
width and arch height are 5 and
1.5 m, respectively. a 4 m

b5Smc6md8me I0m -

(a) (b) (c) (d) (e)

Table 1 Geomechanical parameters of the coal pillar used in this study

Lithology Elasticity modulus (GPa) Poisson ratio Tensile strength (MPa) Cohesion (MPa) Internal friction angle (°)

Coal 1.45 0.3 1 1 20

to ~ 1.5 MPa (50-m width), and is better fitted with a  pillar width, increasing from ~ 1 MPa at 4-m height
logarithmic solution (R* = 0.99). Stress is also propor-  to ~ 1.8 MPa at 10-m height. This relation is fitted by an
tional to pillar height with a slightly stronger effect than  exponential solution (R* = 0.92) (Fig. 9). The materials-
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Fig. 7 Ultimate bearing
capacity of hyperbolic pillars as
a function of arch height. Pillar
height and width are 5 and

10 m, respectively

Fig. 8 Ultimate bearing
capacity of hyperbolic pillars as
a function of pillar width. Pillar
height and arch height are 5 and
1.5 m, respectively

Fig. 9 Ultimate bearing
capacity of hyperbolic pillars as
a function of pillar height. Pillar
width and arch height are 5 and
5 and 1.5 m, respectively
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Fig. 10 Ultimate bearing
capacity of hyperbolic pillars as 1.5E6 —m— relationship between cohesion
a function of cohesion. The arch change times and stress
height is 1.5 m, and the pillar J fitting results
height and width are 5 and
10 m, respectively
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based results show that cohesion is also important, with the
lowest of all measured stress values (~ 0.6 MPa) at low
cohesion (0.6 times) increasing linearly (R* = 0.99)
to ~ 1.5 MPa at higher cohesion (1.4 times) (Fig. 10).

Discussion

The design of stable and reasonably separated coal pillars
for the implementation of SMFM is of critical importance.
The results obtained in this study indicate that the bearing
capacity of hyperbolic coal pillars is affected by its arch
height, pillar height and width, and mechanical property
changes. In this context, it is therefore necessary to further
investigate a stability evaluation method of hyperbolic coal
pillars to facilitate SMFM implementation in real projects.

@ Springer

We first review the mathematics of pillar bearing capacity
in the conventional rectangular coal pillar (“Ultimate
bearing capacity of a rectangle coal pillar” section),
describe the bending and rectangular zones of hyperbolic
pillars and proposed stability evaluation method (*“Stability
evaluation method of the hyperbolic coal pillar” section),
and finally apply this model to a case study (“Case study”
section).

Ultimate bearing capacity of a rectangle coal pillar

Equilibrium conditions under a three-dimensional stress
state are shown in Fig. 11, according to Wang et al. (2002):
0y —02 [0 —O0

= 5 24 ctan! q)} sin ¢
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_ 2ccosp 1 +sing

l—singo(;3

T sin Q ()
where c¢ represents the pillar cohesion (MPa), ¢ is the
pillar’s internal friction angle (°), and a3 is the lateral stress
(MPa), which is zero on the pillar edge. Lateral stress in the
yielding zone increases from the outside inward and
reaches its maximum at the junction of the nuclear zone,
which then returns to the gravity stress of the pre-mining
original rock (63 = yH), where 7 is the average weight of
the overlying strata (kg/m’) and H is the mining depth.

Once the stress in the nuclear zone reaches its peak, the
elastic state will gradually fade, causing instability in the
pillar. The o3 value can then be substituted into Eq. (1) and
the result is as follows:

_ 2ccos @

1+ si
_ ! + sin @ I
1 —sineg

lfsinq)y

a1 (2)
The ¢ value of the coal body is first set to 36°, following
British standards, and the ultimate load-bearing strength is
obtained by simplifying the first item on the right of Eq. (2)
to (o1 = 4yH). According to Wilson theory (Wilson 1983),
the length L of a common strip coal pillar is far more than
its width a and can be considered a problem of plane
geometry. Neglecting the edge effect of the strip pillar, the
ultimate bearing capacity can be described as follows:

s =4yH(a —Y)L (3)

where Y represents the width of the plastic zone. The units
of H, Y, and L are in meters. Using the relationship between
Y and H, the coal seam thickness (m) was obtained by
Wilson (1983) according to:

Y = 0.00492mH (4)

The result is obtained by substituting Eq. (4) into
Eq. (3):
os = 4yH(a — 0.00492mH)L (5)

Wang et al. (2002) improved the Wilson (1983) formula
and obtained a more reasonable ultimate bearing capacity

for strip pillars according to:
2ccosp 1 +sing

1 —sing

o yH | (a — 0.00492mH)L  (6)

B 1 —sing

Stability evaluation method of the hyperbolic coal
pillar

The hyperbolic coal pillar can be divided into a bending
zone and rectangular zone, as shown in Fig. 12. The ulti-
mate bearing load is therefore calculated in two parts. The
pillar is stable when the real load of the bending zone is
less than its ultimate bearing load, and when the real load

of the bending part is more than its ultimate bearing load,
the pillar is unstable. To guarantee pillar stability, the real
load of the rectangular zone should be less than its ultimate
bearing load.

Stability of the pillar bending zone

As can be seen in Fig. 12, the structure of the pillar’s
bending zone is unstable. Some bending of the pillar will
occur as shear failure under the influence of the overbur-
den. One can assume that the ability of the pillar to support
the overburden can be described in terms of bending part
thickness (k). This assumption leads to the following
relations:

m

/2 T.dz = K1yH = o, (7)
hy
m
h=——h 8
5~ h (8)
T = Octan @ + ¢ 9)
oy = Aoy (10)

23/~ 4 a
K = ! (11)
2 —2\/B? — (2—1)’ +a

where b represents the combustion zone width (m), a is the
protection pillar width (m), K; is the stress concentration
coefficient, A is the lateral pressure coefficient of coal seam
where A = u/(1 — u) and p is the average Poisson’s ratio,
and ¢ and ¢ are the average cohesion and internal friction
angle (°) of the pillar bending zone after gasification,
respectively.

The following relationship is obtained based on
Egs. (7)-(11).

hc{ZbZ\/bz —(z—h)’ +a}
yH(Z\/E‘——’”T;—i-a) -

The value of & is obtained by the iteration method. The
pillar bending zone is stable when h < m/2 and unsta-
ble when h > m/2. An example of an unstable bending
zone is shown in Fig. 13.

Ahtan ¢ + (12)

Stability of the rectangular zone

The rectangular part of hyperbolic pillar supports the
overburden and the real load ¢, according to:

b? x cotd

o =7|(a+b) xH— y) L (13)

where J and y are the caving angle (°) and average weight
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Fig. 12 Schematic diagram of a hyperbolic coal pillar

a

Fig. 13 Unstable bending zone of a hyperbolic coal pillar

(kg/m?) of the combustion cavity overburden, respectively.
The ultimate bearing load of the rectangular zone of the
pillar is as follows:

, 2cy cos ¢,
o, =

1 +sin ¢, JH

: (a —0.00492mH )L
1 —sing,

|1 —sing,
(14)

where c¢; and ¢; are the average cohesion and internal
friction angle (°), respectively. To ensure the stability of
the hyperbolic coal pillar, the following requirement must
be met:

/
I K >1 (15)
Gp2
where K is the safety factor. Using the approach described
here, stability can be evaluated and a retaining width with
an appropriate K value chosen based on project needs. It is
important to note that the stability evaluation method
outlined here is intended for final pillar stability rather than
stability during gasification. Following implementation of
the SMFM, the temperature gradually reduces and even-
tually approaches the temperature of surrounding material,
however, the mechanical properties of coal pillar and the
surrounding rock change due to high temperature.

@ Springer

Therefore, the stability evaluation method presented here
takes the mechanical properties of the pillars and overlying
strata caused by high temperature into consideration and
does not consider the temperature equation during the
gasification process.

Case study

The SMFM configuration is currently only applied in a
mine in China, so we select this location as our case study.
The gasifier position and distribution are shown in Fig. 14.
There are four working faces separated by a 24-m retaining
width with a 16-m wide gasification channel and advancing
length of 173 m. The average mining thickness is 5.5 m.
The working faces are along flat lignite seams with an
average mining depth of 275.75 m. On the basis of
mechanical properties measured from experiments on coal
seams in the area (Tang 2013), we use a cohesion value of
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Fig. 14 Gasifier position and distribution
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0.08 MPa and an internal friction angle of 33.28° before
gasification. The specific gasification process is listed
below.

1. The gas outlet channel was first processed after
ignition. After 60 days, the gas channel had formed
to a width of 5 m and length of 170 m.

2. The ignition channel was processed and after 60 days
had formed with the same dimensions as in step 1.

3. Underground gasification on the first working face was
carried out starting from the ignition channel until the end
of the working face. After 90 days, a combustion cavity
with a width of 16 m and length of 170 m had developed.

4. Gasification was carried out sequentially on the
second, third, and fourth working faces. After 90 days,
all cavities had developed to the same dimensions as in
step 3.

5. The gasification process finished and gasifiers were
closed.

No obvious surface subsidence was observed after
gasification, which suggests that the retained coal pillars
should be stable. The method proposed in this paper can be
used to verify this assumption. As discussed in “Stability
evaluation method of the hyperbolic coal pillar” section,
the bending zone of the pillar can be neglected if the
rectangular zone is able to support the overburden, at
which point, the remaining pillars will be stable. The result
is obtained by substituting the above data into Eq. (15),
such that

/
K=Zo177>1
Op2

Our results verify that the coal pillars are stable in this
industrial case study.

In this preliminary experiment of SMFM, we observed
that the separation between the gasification working faces is
relatively large, which ensures the stability of the separated
pillars and gasifier, and causes no obvious surface subsi-
dence. However, in the future promotion and application of
this technology, the separated distance will need to be
reduced to increases resource utilization. In general, the
overall bearing capacity of the hyperbolic pillar needs to be
considered to ensure stability and control surface subsi-
dence, as well as to reduce the retaining width and improve
resource utilization. The proposed stability evaluation
method presented in this study aims to solve this problem.

Conclusions
We have performed numerical simulations to analyze the

influence of different factors (arch height, pillar height and
width, cohesion) on the ultimate bearing capacity of

hyperbolic pillars in SMFM operations. The theoretical
results are used to better understand the stress distribution
of pillars under the coupling effect of high temperature and
ground stress. The main conclusions of this study are listed
below.

1. SMFM technology is an effective method for extract-
ing valuable components from coal and leaving solid
waste in the cavity. However, there are important
differences between the hyperbolic coking pillars (or
semi-coking) used in SMFM operations compared with
rectangular pillars used in conventional strip mining.

2. The arch height, pillar height and width, and mechan-

ical properties of a hyperbolic pillar have an influence
on its ultimate bearing capacity. The bearing capacity
has a linear inversely relationship with its arch height,
a logarithmic relationship with pillar width, an expo-
nential relationship with pillar height, and a positive
linear relationship with its cohesion.

3. The proposed stability evaluation method can be used

to predict the stability of hyperbolic coal pillars. This
method can therefore be used to design the proper
retaining width with an appropriate safety factor (K).
The coal pillars in our industrial case study remained
stable; a result that is verified using the proposed
stability evaluation method.
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