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Abstract

This paper presents results for using an irregular yield pillar for gate road stability in a split-level panel layout (SPL) at a
coal mine. The mine extracts 8# and 9# coal seams with a mudstone interlayer. SPL is being used to improve caveability for
top coal. The tailgate is driven along the floor of 9# coal seam while the headgate is driven along the roof of 8# coal seam
producing a gradually elevated (or curved) section on one end of the panel. Therefore, the gate pillar is of irregular shape and
consists of two coal seams and a sandwiched mudstone interlayer. The stability of the tailgate next to this type of irregular
yield pillar was investigated using numerical modelling and validated through field measurements and observations. The
results show that tailgate with a 6-m-wide pillar has the minimum deformation. The sandwiched mudstone interlayer increases
overall stability of tailgate and the yield pillar. The yield zone is smaller especially for the roof of the tailgate which provides
a better support condition for the tailgate. Roof-to-floor convergence is smaller than rib-to-rib convergence. The intact zone
in the curved section contributes to the overall stability of the gate pillar. Field observations show that stability of the tailgate
next to the 6-m SPL yield pillar was maintained along with reduction of other ground control problems.

Keywords Yield pillar - Interlayer - Tailgate stability - Numerical modeling

List of symbols

o  Stress applied to the gob materials (MPa)
Compressive strength of the rock pieces

e  Change in volume/original volume stress (m/m),
€, Maximum volumetric strain (m/m)

pillar width to maximize coal extraction and minimize road-
way development (Seedsman et al. 2005).

Longwall top coal caving is extensively used in China.
A longwall face experiences bulking-controlled caving.
The caved roof strata becomes loose rock fragments which

E, Initial tangential modulus (MPa) are subsequently compressed under the overburden pres-
b  Bulking factor sure. The consolidation of the caved gob tends to reduce
H. Height of caved zone (m) the pressure on the chain pillars between panels because a
m  Mining height (m) portion of the vertical load is assumed by the gob (Brady and

Brown 2006). Caving of roof strata generally occurs after a
large overhang which results in development of high mining-

1 Introduction

Gate road pillar or chain pillar plays a significant role in
safe and efficient production in longwall mining. Pillars are
required to provide adequate support capacity to maintain
the stability of gate roads, However, there is a need to reduce
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induced stresses and dynamic loading on supports (both, nat-
ural and applied) during caving (Gao et al. 2015; Bai et al.
2014; Singh et al. 2011). The overburden pressure above the
opening, previously carried by the coal, is transferred from
immediate roof to surrounding pillars. The stress redistribu-
tion depends upon the geological conditions, the mechanical
properties of the rocks, the state of the in situ stresses, the
layout of the panels, the mining sequence, etc. (Shabani-
mashcool and Li 2013; Zhang et al. 2016). An increase in
the width of the opening, generally, increases the value of
the mining-induced stress and its range of influence over the
surrounding pillars till caving occurs.

Pillar design is the primary engineering control for mini-
mizing the risks of pillar failure and coal bursts in longwall
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mining. Stability and load bearing characteristics of the pil-
lar depend on several factors including mechanical prop-
erties of the roof strata, cover depth, panel geometry, etc.
Many studies (Li et al. 2015; Shen 2014; Yu et al. 2016;
Zhang et al. 2017; Cao et al. 2016; Han et al. 2016; Chen
et al. 2017) indicate that the coal pillar plays a key role in
roadway stability. Mining engineers endeavor to avoid “criti-
cal” pillars which are too large to yield non-violently or too
small to support large abutment loads (Agapito 1997; Mark
2016).

Several researchers proposed gob-side entry and yield pil-
lar design approaches for ground control (Yan et al. 2013;
Tan et al. 2015; Li et al. 2016a, b; Wang et al. 2017a, b).
Due to the effect of moving of front abutment pressure with
the advance of an active panel, the yield pillar along the
gob is subjected to a complex dynamic loading during their
service life. Therefore, determining optimum width of the
pillar is a challenge (Shabanimashcool and Li 2012). Sup-
plementary supports such as ladder beam, counter-pulled
bolts and variations of pipe umbrella systems must be used
for ground control that can result in higher production cost
(define these support systems).

Wilson (1972) proposed a model for pillar strength that
involved the width-to-height ratio and more complex modes
of behavior with non-homogeneous stress levels within
the pillar. DeMarco et al. (1995) indicated that the width-
to-height ratios of burst-prone, critical pillars normally
exceeded 4 or 5. In light of the significance of the width-
to-height ratio of pillars, many researchers have studied
the uniaxial compressive strength of coal for pillar design
and determined how the values change with specimen size
(Hustrulid 1976; Medhurst and Brown 1998). Seedsman
(2005) concluded that the strength increases as the pil-
lar height decreases and the rate of increase in strength is
greater for width to height ratios in excess of 8:1. He also
raised the questions: what is the height of a chain pillar when
the longwall extraction height is greater than the develop-
ment height? Is the location of the gate road a factor? He
reported that most Australian longwalls have had the gate
roads located along the floor of the seam which intuitively
appears to be a less stable arrangement.

Barron (1984) observed that confinement around the pil-
lar core and failure types were linked: low confinements
produced brittle failures, and high confinements produced
ductile failures. Madden (1991) reassessed the equation
developed by Salamon and Munro (1967) in light of its past
performance and examined the effect of mining method on
coal pillar strength. Gale (1998) pointed out that the pillar
strength and deformation of the adjacent roadways is a func-
tion of failure in the coal and the strata about the coal. In
other word, the strength characteristics of pillars are depend-
ent on the strength properties of the strata surrounding the
coal, as well as on the properties on the coal pillar. He stated
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that rather than the coal only, failure also occurs within the
strata, and different strata-coal combinations (or strata-coal
interaction) lead to the wide range of pillar strength charac-
teristics. This may agree with the statement that the pillar
strength is highly dependent on site-specific conditions (Yu
et al. 2016). Colwell (1998) proposed ALTS which relates
the increase in pillar load to the dead weight of a wedge
of rock located over the side of the gob (defined by abut-
ment angle model). Seedsman (2005) presented pillar design
for mining practitioners employing limit-equilibrium type
approaches that are readily accessible at mine sites. Gha-
semi and Shahriar (2012) proposed a step-by-step method to
design pillars with a square shape in room-and-pillar mines
with regard to existing pillars in an active mining zone and
estimated abutment loads using experimental equations.
Recio-Gordo and Jimenez (2012) presented a novel method
for probabilistic prediction of coal pillar performance using
the analysis of longwall pillar stability (ALPS) and analy-
sis of retreat mining pillar stability (ARMPS) methods for
empirical pillar design of (respectively) longwall and retreat
room-and-pillar operations.

However, coal pillar stability is strongly influenced by the
site-specific geological and geotechnical conditions. There-
fore, coal pillar design relying on such empirical approaches
have significant shortcomings by taking only very few fac-
tors into account and ignoring site-specific conditions
(Brady and Brown 2006; Maleki 2017). Oversimplification
would bring about uncertainties in the results (Shabani-
mashcool and Li 2013). For instance, empirical subsidence
prediction methods have not usually taken into account
material behavior. Therefore, their results could be hardly
extrapolated from one coal mining area to another, and even
sometimes from panel to panel (Alejano et al. 1999).

Numerical modelling can include many more relevant
factors in the analysis and allow for consideration of com-
plex boundary conditions and material behavior so that the
results may be more realistic (Mortazavi et al. 2009; Shab-
animashcool and Li 2013). Numerical modelling validated
through field measurements can achieve reliable results and
this validation-based numerical modelling back analysis can
also be used for future design. (Mark et al. 2007; Yan et al.
2013; Li et al. 2015). A large number of numerical model-
ling experiments on pillars have been conducted. Wang et al.
(2013) numerically investigated dynamic mechanical state of
a coal pillar during longwall mining panel extraction. Yasitli
and Unver (2005) carried out numerical modeling of long-
wall mining with top-coal caving at M3 longwall panel at the
Omerler underground mine. Mohan et al. (2001) presented
a numerical estimation of pillar strength in coal mines. Sha-
banimashcool and Li (2012) carried out numerical model-
ling of longwall mining and stability analysis of the gates at
Svea Nord coal mine in Svalbard. Using a numerical model-
ling code, 2-D rock failure process analysis, the progressive
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failure process and associated acoustic emission behavior
of serial and parallel rock samples were simulated by Wang
et al. (2011).

However, the pillars studied in above research are gener-
ally rectangular or square. This paper presents an irregu-
lar pillar (non-rectangular and non-square) in a yield pillar
application for gate road stability accompanied with a novel
longwall mining layout to create a better cavability for top
coal. Numerical modelling was used to study the stability of
the gate road next to this type of irregular yield pillar. Field
measurements were carried out to validate the numerical
modelling and to investigate the deformation situation of
the gate road and stress distribution within the yield pillar.

2 Background

A coal mine located on the west of Taiyuan City, the capital
of Shanxi Province, North China was used for case study. 8#
and 9# coal seams at the mine are mined at depth of around
340 m using longwall top coal caving mining method. The
average output of the mine is 5 million tons per year. The
stratigraphy at the mine generally consists of horizontally
laminated or bedded sedimentary rocks comprised mostly
of sandstone, mudstone and limestone with significantly
contrasting mechanical properties as shown in Fig. 1. 8#
and 9# coal seams average about 3.3 and 3.4 m in thick-
ness, respectively. Average inclination of the coal seams is
8°. The 9# coal seam is underlain by carbonaceous mud-
stone (0.4 m) and sandy mudstone (11.9 m) in descending
order. The 8# coal seam is overlain by mudstone (1.2 m), 8#
upper coal seam (0.6 m) and limestone (3.0 m) in ascend-
ing order. There is a stratified mudstone interlayer between
the two coal seams with an average thickness of 0.8 m. The
density of the mudstone interlayer is 2600 kg/m?, uniaxial
compressive strength is 2.9-9.8 MPa, tensile strength is
0.6-2.9 MPa, elastic modulus is 6.12 GPa.

A single entry longwall top coal caving retreat system
which is commonly used in China is adopted at the coal
mine. In this single entry retreat longwall mining, two gate
roads are driven between 200 m apart. When the gate roads
have been driven a predetermined length, 1400 m long, they
are connected and a longwall block is outlined as shown
in Fig. 2a. The longwall face is then installed at the setup
room with top coal caving roof supports, shearer, front and
rear armoured face conveyors (AFC), etc., throughout the
whole width of the panel, the longwall face starts to advance
towards the mains and it stops at the stopping line leaving a
barrier pillar unmined to protect mains. As the shearer cuts
the coal back and forth web by web all the way between
the tailgate and the headgate, the rock bolts installed in the
panel side ribs of the gate roads are fiberglass reinforced
rock bolts that can be cut directly by shearer. The gate roads
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are allowed to collapse behind the face line to form part of
the gob. The gate roads are known as headgate and tailgate.
The headgate contains the belt conveyor and the pantechni-
con for facilitating power and logistics to the longwall face.

There are two wings at the mine, that is why the panel
numbers in one wing are all even numbers and the panel
numbers in the other wing are all odd numbers. The tailgate
entry development for the new panel should be done at least
300 m behind the working face of previous panel to avoid the
dynamic mining induced influence. Two-wing system pro-
vides plenty of time for the roof strata of the mined panel to
settle and their movement cease before a new tailgate entry
development. For instance, when a panel in the left wing
is being extracted, the entry in the right wing can be exca-
vated for preparing a new panel. Thus, the dynamic loading
due to mining-induced influence is avoided during the entry
development.

The mudstone interlayer does not have a significant influ-
ence on top coal caving and flowing using the split-level
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Fig.2 Split-level panel layout (SPL) at the case study coal mine

panel layout (SPL) or longwall mining with split-level gate
roads (LMSG) as shown in Fig. 2b, ¢ (Wang et al. 2017a, b;
Zhao et al. 2017). Gate roads on either end of a SPL panel
are located at different elevations within the 8# and 9# coal
seams. The tailgate is driven along the floor of 9# coal seam
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while the headgate is driven along the roof of 8# coal seam.
Thus, the mining geometry consists of a gradually elevated
section on the right end of the panel. By employing SPL, the
mudstone interlayer and 8# coal seam were pre-cut through
creating free surfaces for the two parts of the interlayer



Stability of Gate Roads Next to an Irregular Yield Pillar: A Case Study

2745

as shown in Fig. 2b, c. Therefore, when the working face
advances in the in-plane direction, mudstone interlayer caves
better so that fragmentation of mudstone blocks does not
cause difficulty in top coal caving, flowing or drawing. The
mudstone interlayer averages about 0.8 m. But its thickness
varies from locations to locations. For locations where mud-
stone interlayer is thick, say more than 1.2 m, the sizes of the
mudstone blocks maybe very big. Big blocks do harm to rear
canopies and AFC, so experienced miners close the rear can-
opies immediately as soon as they hear the big blocks flow-
ing towards the rear canopies. For medium size mudstone
pieces which are easily distinguished and picked out (which
depends on the colors of the constituent of the mudstone,
it also varies from locations to locations), miners separate
them out underground and deposit them in mined-out areas.
For some locations where mudstone interlayer is thin, say
less than 0.4 m, then the small mudstone fragmentations are
directly transported to the processing plant and are separated
manually and mechanically there.

Before employing SPL, the coal mine used the conven-
tional panel layout, that is, the gate roads were all driven
along the floor, the rectangular gate pillar (18 m wide) was
left unmined between adjacent panels. This layout led to
several problems for this coal mine case. First, the mudstone
interlayer had a significant influence on cavability of top coal
due to the inability of the interlayer to cave without delay
and large fragmentation of caved mudstone rocks. Previous
mining practices show that the large caved mudstone rocks
were frequently stuck at the sliding rear canopies when it
was open to allow top coal to fall through onto the rear AFC
which prevented the top coal above the interlayer from flow-
ing and thus reduced the recovery rate significantly. Sec-
ond, the 18 m wide gate pillar led to difficulty in gate road
stability such as rib sloughing, breaking of rock bolts, and
roof convergence. The maximum roof-to-floor and rib-to-
rib convergences of 28,420 tailgate during the development
of the entry were 375 and 429 mm, respectively, while that
during the extraction of the panel were 1452 and 1527 mm,

Fig.3 Support pattern for gate
roads

respectively. Investigation conducted last year showed that
this was due to stress concentration on the gate pillar. Coal
bursts occurred several times that led to lost production for
weeks and months. To mitigate burst risk, 6 m SPL yield
pillar was employed between 28,420 and 28,422 panel.
All gate roads are rectangular, 4.6 m wide and 3 m high,
respectively. Rock bolts and cable bolts are used for gate
road support. As the rib-to-rib convergences are large, the
cable bolts are used for rib convergence control as shown in
Fig. 3 . The rock bolts are 2.4 m long and cable bolts are 4 m
long. Advanced support was employed for the gate road with
a range of 0-50 m ahead of the working face which will be
presented in detail in later section.

3 Numerical Modelling

The SPL gate pillar shown in Fig. 4 is of irregular shape and
consists of two coal seams and a mudstone interlayer, theo-
retical or empirical analysis is very difficult to implement
and results may not be applicable. Therefore, numerical
modelling validated by field measurements was carried out
to study the stability of the gate road next to this irregular
yield pillar.
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3.1 The Overall Model Geometry and Simulation
Plans

As stated earlier, the yield pillar between 28,420 and 28,422
SPL panel is irregular, i.e., the shape is neither rectangu-
lar nor square, the pillar consists not only of coal, but with
a thin mudstone interlayer sandwiched between the two
super-adjacent coal seams. Therefore, numerical modelling
employing FLAC?P code was carried out to study the sta-
bility of the gate road next to this composite and unconven-
tional gate pillar.

The developed FLAC?® model (Corkum and Board 2016)
is shown in Fig. 5. One-half of each of 28,420 and 28,422
panels and the gate roads system were incorporated in the
model considering the symmetry. The dimension of the
model was 200 m (length) X 10 m (width) X 120 m (height).
A uniform stress of 250 m x 0.025 MN/m>=6.25 MPa was
applied to the top of the model corresponding to 250 m of
overburden strata by assuming the overlying unit weight was
0.025 MN/m®. A significant distance to the lateral bounda-
ries and the bottom boundary was used to minimize model

120 m

r 200 m

Fig. 5 FLAC?P model used for simulation

Table 1 Results of in situ stress measurements at the coal mine

boundary effects. The mesh size graded from small, around
material boundaries, to large at the center of a material
domain. Fine zone resolution in the vicinity of gate roads,
gate pillar, coal seam unit and gob was generated for accu-
rate prediction of progressive yielding and deformation.
The side boundaries were roller constrained and the bottom
boundary was fixed both horizontally and vertically. Using
the small diameter borehole hydraulic fracturing stress
measurement equipment (Kang et al. 2010), in situ stress
measurements were conducted, the results supplemented by
published data (Kang et al. 2010) are given in Table 1.
According to the in situ stress measurements results,
an approximate ratio of horizontal to vertical stresses (K)
of 0.8 both along and across the panels was used. As the
irregular composite gate pillar consists of two coal seams
and a mudstone interlayer, interface plays a significant role
in its failure process. Therefore, discontinuous model inter-
faces, representing bedding planes, capable of yielding and
separating, were built into the model at the contact of each
unit using FLAC interface logic (Wang et al. 2017a, b).
Bolts were simulated by built-in cable structure element in

Cable bolts
/
/

I3

Yield pillar side Panel side

No. Depth Vertical principal Maximum horizontal princi- Minimum horizontal princi-  Orientation of maximum
stress, oy (MPa) pal stress, oy (MPa) pal stress, o}, (MPa) horizontal principal stress, oy
(MPa)
1 636 15.90 13.16 6.75 N73.6°W
2 622 15.55 13.99 7.17 N33.3°W
3 346 8.65 7.77 4.15 N89.7°W
4 379 9.48 7.57 4.01 N62.1°W
5 323 8.08 5.04 3.24 N86.2°W
6 325 8.13 6.36 3.47 N56.4°W
7 384 9.60 9.92 5.17 N58.1°W
8 403 10.08 10.92 5.23 N66.5°W
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Table 2 .Mechanical and Type E (GPa) C. (N/m) K. (N/m?) p, (m) A (m?) F,(N)
geometric parameters of support & & £
cable structure elements Rock bolt 200 4.7¢5 5.6e9 8.79e—2 3.14e—4 1.6e5
Cable bolts 195 4.7¢5 4.2¢9 8.79¢e-2 2.49¢—4 2.5e5
Table 3 Properties of roof and floor strata for numerical modeling
Lithology Height (m) Depth Unit weight  Cohesion Friction Compressive Bulk modu-  Shear
(m) (kg/m3) (MPa) angle (°) strength (MPa)  lus (GPa) modulus
(GPa)
Coarse sandstone 4.6 275.9 2700 5.52 41.3 24.42 18.9 14.2
3# coal seam 4.2 280.5 1400 1.35 29.2 4.59 11.9 7.1
Sandy mudstone 4.1 284.7 2600 2.51 34.9 9.63 13 8.5
Coarse sandstone 14.6 288.8 2700 5.52 41.3 24.42 18.9 14.2
Mudstone 11.8 303.4 2600 2.62 31.7 9.41 124 8.1
Carbonaceous mudstone 3.8 315.2 2500 1.35 29.2 4.59 11.9 7.1
6# coal seam 0.9 319.0 1400 1.35 29.2 4.59 11.9 7.1
Mudstone 22 319.9 2600 2.62 31.7 9.41 124 8.1
Limestone 2.2 322.1 2700 6.76 43.0 31.1 19.3 15.7
7# coal seam 0.9 324.3 1400 1.35 29.2 4.59 11.9 7.1
Mudstone 32 3252 2600 2.62 31.7 9.41 124 8.1
Limestone 8.7 328.4 2700 6.76 43.0 31.1 19.3 15.7
Mudstone 2.7 337.1 2600 2.62 31.7 9.41 124 8.1
Limestone 35 339.8 2700 6.76 43.0 31.1 19.3 15.7
Mudstone 1.2 343.3 2600 2.62 31.7 9.41 124 8.1
8# coal seam 4.3 344.5 1400 1.35 29.2 4.59 11.9 7.1
Mudstone 1.2 348.8 2600 2.62 31.7 9.41 124 8.1
9# coal seam 35 350 1400 1.35 29.2 4.59 11.9 7.1
Sandy mudstone 11.9 3535 2600 2.51 34.9 9.63 13 8.5

FLAC?P (Itasca 2007). Table 2 gives mechanical and geo-
metric parameters for the cable structure elements (Zhang
et al. 2014). Mohr—Coulomb constitutive model was used
for the rock strata, strain-softening model (a cohesion and
internal friction angle loss process) for the yield pillar and
double-yield model for the gob which are to be defined later.
Six yield pillar widths were simulated, i.e., 4, 6, 8, 10, 14
and 18 m.

3.2 Development of Parameters for Rock Strata
and Yield Pillar

The properties of roof and floor strata were estimated
through geotechnical testing of physico-mechanical proper-
ties of the freshly procured core samples using the suggested
the International Society for Rock Mechanics (ISRM) stand-
ards. The results are presented in Table 3.

The progressive failure of coal pillar includes three
phases, they are elastic phase, plastic softening phase and
the residual phase. Jaiswal and Shrivastva (2009) noted that
after yielding of the coal pillars, plastic softening occurs

Table 4 Variation of mechanical properties of coal with plastic shear
strain

Plastic strain 0 0.0025 0.005 0.0075 0.01
Cohesion (MPa) 0.8 0.68 0.54 0.40 0.28
Friction angle (°) 24 23 22 21 21

until a residual strength level is achieved. The most widely
accepted model for coal pillars, Mohr—Coulomb strain-sof-
tening model assumes coal pillar as a nonlinear strain-sof-
tening material with cohesion and friction angle softening
as a function of plastic strain. The post-peak properties of
a strain-softening model are hard to estimate. In addition,
the shape of yield pillar in this paper is irregular, W/H ratio
cannot be simply used as a factor to calibrate the numerical
models based on empirical methods or formula. Therefore,
a trial-and-error method and past experience (Shen 2014)
were used to determine the input properties to match stress
distribution of the yield pillar with that obtained by field
monitoring. The calibrated input properties for the strain-
softening model are shown in Table 4.
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3.3 Bedding Plane Interface Parameters

Coal/rock interface condition is very important to bump
control (Meikle 1965; Khair 1968; Brauner 1994; Newman
2002; Peng 2008). It is true that pillar strength increases with
increasing interface friction because the frictional constraint
may create a confined state of stress in the pillar. Hence, to
consider coal/rock interface strength in the numerical model,
a direct shear test on the coal/rock interface was conducted.
The test specimens were obtained from the drilled cores in
the panel 28,420. The diameter and height of the specimens
are 50 and 100 mm, respectively. The interface is located at
mid-height of the specimen. After the test, the cohesion and
friction angle of the coal/rock interface were determined to
be 0.795 MPa and 31°, respectively. These two parameters
will be used in the numerical model to simulate the coal/roof
and coal/floor interfaces.

3.4 Gob Modelling

To date, there are three gob modelling methods. Jiang et al.
(2012) and Wang et al. (2013) assumed the gob area to be a
very soft elastic material to simulate the support capability
of the fallen rock from the roof. Song et al. (2017) used esti-
mated pre-set force against roof according to theoretical gob
stress distribution to simulate the support capacity of the gob
material employing Phase 2D software. Using the finite ele-
ment package, ABAQUS and based on the Terzaghi’s model,
Morsy and Peng (2002) developed a numerical gob model.
Esterhuizen et al. (2010) used equivalent gob elements that
follow the hyperbolic stress—strain curves to model the gob
compaction and response and carried out model calibration
for simulation of coal pillars, gob and overburden response.
Yavuz (2004), Li et al. (2015) Jiang et al. (2017) used Sala-
mon’s model to simulate the gob and obtained good results.
However, the above studies did not take angles of break into
account, and gobs are commonly filled by replacing the coal
seam or coal seam and immediate roof. The generalized gob
area is determined by field observation rather than only tak-
ing coal seam or coal seam and immediate roof as gob area.
The field gob material at the face end behind the end shield
is shown in Fig. 6.

Built-in double yield constitutive model in FLAC?P
was used to simulate the gob in this study (Itasca 2007)
and cap pressure for double yield model is estimated by
Salamon’s equation. Salamon’s equation is expressed by:

_ Eye |
T T (e/em) )

(o3

where o is the stress applied to the gob materials, ¢ is the
volumetric strain under the applied stress, E; is initial
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Fig.6 The cave rock material behind the end shield

tangential modulus and ¢, is maximum volumetric strain,
and (Yavuz 2004):

1.0390] 042
0= Ts

2

b-1
sm:T

. 3
where o, is the compressive strength of the rock pieces; b is
the bulking factor, and (Peng 2006):

H.+m
b= 1T 4)

C

where H,_ is the height of caved zone and m is the mining
height.

In addition, to be more realistic with the physical situa-
tion, angle of break (defined as the acute angle formed by
the caving line and coal seam bedding plane) obtained from
cross-measure boreholes and gob gas wells were incorpo-
rated in the numerical model. According to these boreholes
and wells, the angle of break is about 65°; the height of the
caved zone above the coal seam was about 28.5 m reaching
11.8 m thick mudstone. Hence, According to Eq. (1), the
bulking factor, maximum strain and the initial modulus of
the gob materials can be calculated as 1.31, 0.24 m/m and
44.4 MPa, respectively. Cap pressure for the double-yield
model is given in Table 5 and is expressed by:

44 .36¢

T 1 -420¢ )

To obtain the parameters for gob and make sure that the
stress—strain relationship agrees with Eq. (5), a simple model
with dimensions 1 m (length) X 1 m (width) X2 m (height)
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Table 5 Peak pressures for the double yield model

Strain (m/m) Stress (MPa) Strain (m/m) Stress (MPa)
0.00 0.00 0.12 10.74
0.01 0.46 0.13 12.71
0.02 0.97 0.14 15.08
0.03 1.52 0.15 18.00
0.04 2.13 0.16 21.66
0.05 2.81 0.17 26.40
0.06 3.56 0.18 32.78
0.07 4.40 0.19 41.81
0.08 5.35 0.20 55.60
0.09 6.42 0.21 79.26
0.10 7.65 0.22 129.24
0.11 9.07 0.23 304.70

Table 6 Parameters for gob material

Density (kg/ Bulk modu- Shear modu- Friction (°) Dilation (°)
m®) lus (GPa) lus (GPa)
1700 40 30 8.3 3

was built (to develop stress—strain behavior). Loading was
simulated by applying a displacement velocity on the top
surface with bottom surface fixed vertically and four side
surfaces fixed horizontally. The input parameters were var-
ied for the bulk and shear modulus, angle of dilation, angle
of friction, and density of gob material. By trial and error,
the final properties are given in Table 6. Figures 7 and 8
show the volumetric strain contour, vertical stress con-
tour and comparison of simulated stress—strain curve with
the Salamon’s model. They demonstrate that numerically
obtained data agrees very well with Salamon’s equation. The
modelling results before the excavation of the tailgate are
shown in Fig. 9.

Fig.7 The volumetric strain
contour, vertical stress contour
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(a) volumetric strain contour

The higher elevation of the headgate of 28,420 panel
moved the stress concentration zone with it. Therefore,
the stress environment of tailgate of 28,422 panel was
improved by locating all the gate road along the floor. The
vertical stress increased from 0.086 MPa at the gob edge
to 7.41 MPa at a distance of about 70 m from the gob edge
and then remains relatively constant. In other words, 87.2%
of the original vertical stress (7.41/8.5 MPa) is achieved
within a distance of 20.6% of the panel overburden depth
(70/340 m). King and Whittaker (1971) concluded that pre-
mining stress is achieved at a distance of 0.6 times overbur-
den depth. Based on an investigation and analysis of a large
number of gate road stability cases, Wilson (1981) suggested
that the vertical stress increases from zero to the original
stress at a distance of 0.2-0.3 times overburden depth. Smart
and Haley (1987) suggested that the reasonable estimate of
cover stress distance should be 0.12 times overburden depth
based on field measurement data. Mark (1990) indicated that
the 0.38 times overburden depth is the cover stress distance.
It can be seen that the stress distribution of the caved zone
is in good agreement with other researchers’ conclusions.
Therefore, the parameters calibrated through above steps can
be used for gob modelling. Please note that the final set of
inputs is not unique, and it is possible that a different com-
bination of input values can equally satisfy the Salamon’s
equation.

4 Modelling Results and Discussion

For 4 m yield pillar, the entire pillar was in a yield state. The
support capacity of the pillar was almost completely lost sus-
taining only very low load with the maximum peak value of
5.4 MPa which is far less than pre-mining stress of 8.5 MPa.
While the abutment load on the 28,422 panel side reaches
32.8 MPa. This indicates that 4 m yield pillar is crushed and
fails to maintain the stability of 28,422 tailgate. Therefore,
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(b) vertical stress contour

.

@ Springer



2750

G.Fengetal.

FLAC3D 5.01

©2014 Itasca Consulting Group, Inc. 3.0 :
Demonstration Model

History
> -1 ZZ-stress of zone 1 ]
vs. 2 Volum-strain incr of zone 1| 2.4
Table
1

00 02 04 06

L B T L T T T
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Volumetric strain x10/-1

Fig. 8 Comparison of simulated stress—strain curve with the salamon’s model

4 m yield pillar should not be considered. What’s more, the
evident failure mode is shear failure (yellow elements) based
on the angle of break. The depths of yielding on the yield
pillar side and panel side are 6.8 and 5.5 m, respectively.
Similar data for 8# coal seam is 8.8 m. The thin coal sheet
between the mudstone interlayer and the tailgate is in shear
and tension failure mode. However, the roof mudstone inter-
layer sandwiched between the two yielded parts of the two
coal seams has not completely yielded above the 28,422
tailgate. Nearly half of the roof mudstone interlayer is intact
although the coal above and beneath it is in yield state.

When the yield pillar width is increased from 4 to 6 m,
the peak load increases dramatically from 5.4 to 12.2 MPa
and the entire pillar in yield state. The peak abutment load
on the 28,422 panel side decreases from 32.8 to 27.5 MPa.
Most notably, the area of the yield zone on the 28,422 panel
rib is much smaller than that in Fig. 10a. This suggests that
the bearing capacity of the 6 m yield pillar increases signifi-
cantly when the pillar size increases from 4 to 6 m.

For yield pillar with width of 8 or 10 m, the pillar is still
in partially yield state. The peak abutment load on the yield
pillar side increases from 17.6 MPa (8 m yield pillar) to
19.5 MPa (10 m yield pillar). While the peak abutment load
on the 28,422 panel side decreases from 23.8 MPa (8 m yield
pillar) to 22.7 MPa (10 m yield pillar). The area of the yield
zone on the 28,422 panel rib in these two cases are similar
to that in Fig. 10b and are also much smaller than that in
Fig. 10a. This suggests that the bearing capacity of the yield
pillar increases when the pillar size increases from 6 to 10 m.

When the yield pillar is increased from 10 to 14 m,
yield pillar peak pillar load increases sharply from 19.5 to

@ Springer

25.8 MPa, and become larger than the peak abutment on
the panel side indicating that the ground pressure is mainly
borne by the gate pillar. An intact zone is developed within
the yield pillar when the coal pillar is 14 m. This may con-
tribute to the sharp rise of the peak abutment load of the
gate pillar. When the gate pillar is increased to 8 m, a double
hump stress curve is developed. This is due to the increase
of the size of the intact zone within the pillar.

Maximum rib-to-rib and roof-to-floor convergences were
monitored and the layout for the 28,422 tailgate is shown
in Fig. 11a. Differences of “AB” and “CD” with respect to
their initial values represent rib-to-rib convergence and roof-
to-floor convergence, respectively. The result is plotted in
Fig. 11b. It shows that for all gate pillar sizes the roof-to-
floor convergences are smaller than rib-to-rib convergences.
The pillar width has more effect on rib convergence than
roof—floor deformation. Tailgate with a 6-m-wide pillar has
the minimum deformation under the current geological and
geotechnical conditions.

The results shown in Figs. 10 and 11 clearly demon-
strate that the load-bearing capacity of the yield pillar and
gate road deformation vary with yield pillar widths and
have a considerable effect on stability of the gate road. In
addition, the mudstone interlayer has a significant influ-
ence on the overall stability of tailgate and the yield pil-
lar. The yield zone development and connection of the
8# and 9# coal seams was cut off by this more competent
interlayer, as a consequence, the yield zone is smaller
especially for the roof of the tailgate. This provides a bet-
ter support condition for the tailgate. This may explain
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why the roof-to-floor convergence is smaller than rib-to-
rib convergence. Most surprisingly, the intact zone in the
curved part of the yield pillar (blue elements) is observed,
this part may also contribute to the overall stability of the
gate pillar. In fact, this unexpected phenomenon has been
found and utilized in many coal mining engineering pro-
jects in China, and the gate roads are excavated within this
intact zone where the stress is far lower than pre-mining
stress as we can see from the corresponding locations of
the intact zone and the stress distribution in Fig. 10. This
layout is being employed by many coal mines in China
and ground control problems such as coal bursts, roadway
deformation, etc., are minimized (Wang et al. 2017a, b;
Zhao et al. 2017). Therefore, stability of gate road can be
improved by adjusting gate road layout or conceive inno-
vative pillar designs.

(b) Stress curve along the floor

5 Field Measurements

Field measurements were carried out to study the stress
distribution within pillar and the convergence law of the
gateroad next to the pillar, as well as to validate the numeri-
cal modelling.

5.1 Pillar Stress Measurements

Five stress meters spaced at 50 m apart were installed prior
to mining the 28,422 panel at depth of 1, 2, 3, 4 and 5 m into
the yield pillar from the tailgate of panel 28,422 to collect
stress data. The depth denotes the distance from the rib wall
of the 28,422 tailgate into the coal pillar. The instrumenta-
tion plan is shown in Fig. 12. The stressmeters were con-
nected to computers, through a data interface. Data were
collected and processed every 20 min. These instruments

@ Springer
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Fig. 10 Modelling results
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provided a measure of the vertical stress change with the 5.2 Convergence Measurements

working face advancement.
Two measurement stations, purple solid squares shown in
Fig. 12a, spaced at 50 m were installed immediately after the
development of the tailgate of 28,422 panel when headings
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was about 600 m away from the main gate. These meas-
urements were to capture mining-induced convergence
during entry development and panel retreating. During the
panel retreating, multiple rows of individual props spaced
at 1.2 m were used for advanced support with a range of
0-50 m ahead of the working face. The convergences of the
tailgate ahead of working face were monitored using cross
measurement method as shown in Fig. 13. Permanent pins
were installed in the roof, floor, pillar rib, and longwall panel
rib for each measurement station, respectively. Differences
of “AB” and “CD” with respect to their initial values repre-
sent rib-to-rib convergence and roof-to-floor convergence,
respectively. Rib-to-rib convergence “AB” was measured by
a flexible tape, and roof-to-floor convergence was measured
using a telescoping rod.

5.3 Instrumentation Results

The peak stress in each hole was plotted with respect to the
distance from the pillar rib of 28,422 tailgate as shown in
Fig. 14. The simulated result shown in Fig. 10b is also plot-
ted in the same figure to make a comparison. It shows that
the measured results and simulated result agree well which
provides a validation of the numerical modelling. The peak
stress occurred at the middle of the pillar, or maybe between
2 and 4 m away from the pillar rib of 28,422 tailgate.

The pillar stress for each measuring point with respect
to the distance to the longwall face was plotted in Fig. 15. It
shows that the 3# stressmeter which is located in the middle
of the pillar underwent largest mining-induced stress, followed
by 2#, 4#, 1# and 5# in descending order. Most notably, the
stress increase from near 0 MPa at the faceline to its peak value
at about 40 m ahead of the working face. Instead of exhibit-
ing a regular stress curve for wide coal pillar that the stress
increases to the peak abutment and then drops to pre-mining

2755
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Fig. 14 Vertical tress distribution at each stressmeter across the pillar
before retreating of 28,422 panel

stress, stresses distributed in yield pillar in Fig. 15 show that
stress increases to peak value without evident dropping to pre-
mining stress. This demonstrates that a portion of the pillar
close to the working face may experience severe damage, indi-
cating that support capacity may be lost due to repeated load-
ing and unloading during the longwall face advance. And then
load bearing capacity of the pillar gradually picked up with
the increase of the distance ahead of the working face. The
original load bearing capacity of the pillar is achieved at about
40 m away from the working face. According to our published
Chinese papers and some unpublished research results, the
stress that cannot be sustained by the yield pillar is transferred
to the gob of the previous panel, gob behind the working face
and solid coal ahead of the working face. Most interestingly,
the gob behind the working face at the elevating section bears
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\
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Fig. 13 Schematic of convergence monitoring layout ahead of working face
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more load than the other side without this section as the min-
ing height is reduced as shown in Fig. 2b, c.

Figure 16 shows field measurement of convergence of
28,420 and 28,422 tailgates during the development and panel
retreat. Simulated convergence of 28,422 tailgate with respect
to time step are also plotted in the same figure. It shows that
during the development, convergence of 28,422 tailgate next
to the yield pillar were smaller than that of 28,420 tailgate.
About 95% of the entry convergence occurred within 50 days
after entry development. Convergence hardly changed 80 days
after development. The maximum roof-to-floor and rib-to-rib
convergences of 28,420 tailgate were 375 and 429 mm, respec-
tively, while that of 28,422 tailgate were 235 and 261 mm,
respectively. This demonstrates that the roof-to-floor con-
vergence is smaller than rib-to-rib convergence due to the
influence of the mudstone interlayer. The field data of con-
vergences of 28,422 tailgate has a good agreement with the
simulated results, which also provides a validation for numeri-
cal modelling.

During the panel retreat, most of the entry convergence
occurred within a range of 40 m ahead of the working face.
The maximum convergence values are located at entrance of
the tailgates. The maximum roof-to-floor and rib-to-rib con-
vergences of 28,420 tailgate were 1452 and 1527 mm, respec-
tively, while that of 28,422 tailgate were 529 and 551 mm,
respectively. This demonstrates that the stability of the tailgate
next to the 6-m SPL yield pillar was effectively maintained
with reduction of other ground control problems.
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Distance ahead of working face (m)

6 Conclusions

This paper presents performance of an irregular pillar
(non-rectangular and non-square) involving yield pillar
application for gate road stability by employing split-level
panel layout (SPL) at a coal mine. SPL is being employed
to create a better cavability for top coal. Gate roads on
either end of a SPL panel are located at different eleva-
tions within the 8# and 9# coal seams. The tailgate is
driven along the floor of 9# coal seam while the headgate
is driven along the roof of 8# coal seam. Thus, the mining
geometry consists of a gradually elevating section on one
end of the panel. Therefore, the gate pillar is of irregu-
lar shape and consists of two coal seams and a mudstone
interlayer sandwiched in between. Since theoretical or
empirical analysis is very difficult to implement and results
may not be valuable or reliable, stability of the tailgate
next to this type of irregular yield pillar was investigated
through numerical modelling which was then validated by
field measurements.

A simple FLAC?® model was developed that included
bedding planes capable of yielding and separating. Bolts
were simulated. Mohr—Coulomb constitutive model was
used for the rock strata, strain-softening model (a cohe-
sion and internal friction angle loss process) for the yield
pillar and double-yield model for the gob. Six yield pillar
widths were simulated in the model, i.e., 4, 6, 8, 10, 14
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Fig. 16 Field measurement of 440

convergences of 28,420 and
28,422 tailgates. a convergences
of 28,420 and 28,422 tailgate
against time after development.
b convergences of 28,420 and
28,422 tailgate against distance
ahead of working face
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(b) Convergences of 28420 and 28422 tailgate against distance ahead of working face

and 18 m. The results show that tailgate with a 6-m-wide
pillar has the minimum deformation. Load-bearing capac-
ity of the pillar and gate road deformation vary with pillar
widths which has a considerable effect on stability of the
gate road next to the pillar. The mudstone interlayer has

a significant influence on overall stability of tailgate and
the yield pillar. The yield zone development and connec-
tion of the 8# and 9# coal seams was cut off by this more
competent interlayer, the yield zone is smaller especially
for the roof of the tailgate which provides a better support
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condition for the tailgate. The roof-to-floor convergence is
smaller than rib-to-rib convergence. The intact zone in the
curved part of the yield pillar (blue elements) is observed
that may be contributing to the overall stability of the gate
pillar.

The peak stress occurs at the center of the 6-m wide
pillar, or about 2—4 m away from the pillar rib of 28,422
tailgate. The center part of the pillar experienced largest
mining-induced stress. The yield pillar stress increased to
peak value without dropping to pre-mining stress. Thus, a
portion of the pillar close to the working face may experi-
ence severe damage due to repeated loading and unloading
during the longwall face advance. Loading on the pillars
gradually increased with the increase in distance ahead of
the working face. The original load distribution on the pillar
is achieved at about 40 m away from the working face.

Convergence monitoring suggests that during the devel-
opment convergences of 28,422 tailgate next to the yield
pillar were smaller than that of 28,420 tailgate. About 95%
of the entry convergence occurred within 50 days after entry
development. Convergence became stable 80 days after
development. The roof-to-floor convergence is smaller than
rib-to-rib convergence due to the influence of the mudstone
interlayer. During the panel retreat, most of the entry con-
vergences occurred within a range of 40 m ahead of the
working face. The maximum convergence was located at
the entrance of the tailgates. Stability of the tailgate next
to the 6-m SPL yield pillar was effectively maintained with
reduction of other ground control problems.
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