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Abstract

Coal pillars are formed by excavation and mining activities in an intact coal seam and play a key role in underground coal
mines. Most previous investigations of pillars have mainly focused on existing coal pillar failures. However, few scholars
have investigated the failure mechanisms of coal pillars during their formation process. This paper focuses on the failure of
a 7 m-wide coal pillar that caused the large deformation of a tailgate in the Sijiazhuang coal mine in China. Field tests and
numerical modeling were used to study the initiation, propagation, and failure of cracks within this gob-side coal pillar dur-
ing its formation. Field monitoring revealed that the maximum roof-to-floor and rib-to-rib convergence reached 860 mm and
1460 mm, respectively. The coal pillar became a yield pillar with substantial fractures. A numerical model was built using
UDEC Trigon logic and calibrated with laboratory tests and RQD methods. Both the natural roadway deformation and crack
distribution in the coal pillar were simulated. A FISH function was used to document the propagation of shear and tensile
cracks in pillars with different W/H ratios, and a damage parameter was adopted to evaluate the failure of these pillars. The
results suggest that the most appropriate pillar width is 10 m. Field trials prove that a 10 m-wide coal pillar combined with
optimized support measures can effectively control deformation around the tailgate.

Keywords Yield pillar - Discrete element method - Failure mechanism - Crack propagation - Damage evolution - Support

principle

1 Introduction

Coal pillars in underground coal mines play a key role in pro-
viding support to the superincumbent strata, isolating water
and noxious gases from goafs, and maintaining the stability
of the mining gateway (Salamon and Munro 1967). Gob-
Side Entry (GSE) is an entry driven adjacent to an existing
goaf with a 5- to 10-m yield pillar left in place to maintain
the stability of roadway (Fig. 1b). GSE has been extensively
employed in longwall mining in China (Bai et al. 2015; Li
et al. 2015). By contrast, the majority of US and Austral-
ian longwall panels have four entries which are developed
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and maintained on both sides of the panel, referred to as
the Four-Entry System (Peng 2006; Carr et al. 1985). There
are three rows of chain pillars designed into yield-stiff-yield
configuration, where the yield pillars are designed to prevent
coal bumps. However, the failure mechanisms of yield pil-
lars are still not clear, and there are no straightforward and
widely accepted yield pillar design criteria.

Generally, methods used to investigate the instability and
failure of yield pillars can be divided into four types: the
empirical method (Salamon 1970; Hill 2005), theoretical
method (Poulsen 2010; Gao and Ge 2016), field measure
method (Maleki 1992; Yu et al. 2016), and numerical simu-
lation method (Wang et al. 2016a; Mortazavi et al. 2009).
However, due to the heterogeneous and anisotropic nature
of rock mass, the empirical formula and theoretical equation
methods have large deviation. In addition, the field observa-
tion is time-consuming and costly. Numerical simulations
can repeatedly calibrate the model parameters according
to the field measurements for more reliable results. Hence,
numerical simulations are a powerful tool for studying rock
mechanics in underground excavation engineering. Many
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Fig. 1 Mine location and panel layout of the test site (a location of the test site, b panel, roadway layout and cross-section of study site, ¢ gener-

alized stratigraphic column of the test site)

scholars have developed numerical models using FLAC?P
code with strain-softening models incorporated to investi-
gate the vertical stress and stability of yield pillars (Jaiswal
and Shrivastva 2009; Zhang et al. 2017). But, standard
strength-based strain-softening constitutive relationships
cannot capture localization of failure as the lack of an
internal length scale (De Borst 1993). Also, the continuum
methods cannot explicitly simulated a fracture’s genera-
tion development and propagation. One of the most popular
explicit discrete element methods (DEM) is UDEC, which
is widely applied to simulate the failure process of coal and
rock mass (Lisjak and Grasselli 2014). In UDEC, a rock
mass is depicted as a number of blocks delineated by joint
sets. The joints between the intact rock blocks represent pre-
existing discontinuities, and different constitutive criteria for
joints and intact rock blocks are selected to simulate the
significant deformations, rotations, and failures in rock mass
(Ttasca 2014; Gao 2013; Kazerani and Zhao 2010). Coul-
thard (1999) suggested that the UDEC model more closely
approximates the real mechanics of the rock systems than a
continuum model. Rock failure is captured either in terms
of plastic yielding of the rock matrix or displacements of the
discontinuities using the UDEC Voronoi model (Lorig and
Cundall 1989). Furthermore, the UDEC Trigon model, as a
non-continuous model based on Voronoi logic, overcomes
many drawbacks inherent in traditional discrete element
models (Gao and Stead 2014). Natural failure in the rock
mass can be simulated because the cracks are generated in
intact rock and propagated under different stress situations.
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Therefore, the Trigon model can be employed to investigate
the failure mechanisms of weak brittle materials and provide
a more realistic representation of the rock micro-structure
(Gao 2013).

Pine et al. (2006) introduced a new numerical modeling
approach for naturally fractured rock masses. They embed-
ded the data captured from rock face into a 3D model to
fully account for pre-existing fractures. This approach makes
it possible to study the tensile and compressive failure of
rock masses along both pre-existing fractures and intact
rock bridges (Elmo and Stead 2010). But, this approach can
only capture fractures on exposed surface. Fractures within
the solid are synthesized using FracMan code making them
insufficiently accurate in many cases. It is generally known
that coal pillars are formed by an intact coal seam through
mining and excavation activities. However, the fractures on
the exposed surface in underground engineering are also
induced by mining and excavation, rather than naturally
existing in the rock mass. Therefore, it is important to inves-
tigate the initiation and propagation of internal fractures as
coal pillars are formed. Previous investigations have primar-
ily studied cases of failed coal pillars.

This paper focuses on a 7 m-wide yield pillar in the
tailgate of panel 15106 in the Sijiazhuang coal mine in
China. A UDEC Trigon model is used to analyze the ini-
tiation, propagation, and failure of internal cracks from
the micro-perspective during the formation of yield pil-
lar. The model is validated by field monitoring. The
damage in the yield pillar is documented and the failure
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mechanisms explained. Finally, a technological solution
is proposed to maintain the stability of yield pillar in the
GSE.

2 Case Study

2.1 Description of the Mining and Geological
Conditions

The Sijiazhuang coal mine is located in Yangquan, Shanxi
province, China (Fig. 1a). Panel 15106 is in the #15 coal
seam, and its average buried depth and thickness are
574 m and 5.5 m, respectively. The coal seam has numer-
ous joints and fissures, 0°~12° dips, and a hardness of
1.5. The 15106 tailgate (4.8 m wide, 4.0 m high, and
1700 m long) is driven along the gob-side and roof of the
coal seam. There is a 7 m-wide pillar between the 15106
tailgate and the 15108 gob. The layout of the roadway is
shown in Fig. 1b. A generalized stratigraphic column for
the mine is shown in Fig. lc. The 15106 tailgate is seri-
ously deformed as a result of the abutment stress imposed
by the development of the 15108 gob side. The deforma-
tion is described below.

2.2 Roadway Deformation

Bolts were installed to support the roof and two ribs along
the first 1000 m of the 15106 tailgate. Starting 100 m past
the roadway entrance, monitoring stations were set up at
30 m intervals to monitor roadway deformation by cross sec-
tion. Figure 2 shows the 15106 tailgate deformation between
100 m and 1000 m from the entrance. Roadway deformation
is large and asymmetrical in the development period. The
collected data on the GSE deformation can be summarized
as follows: (1) the rib-to-rib convergence is larger than the
roof-to-floor convergence. The maximum and average roof-
to-floor convergences are 860 mm and 232 mm, respec-
tively. The maximum and average rib-to-rib convergences
are 1460 mm and 568 mm, respectively. The average rib-to-
rib convergence is approximately 2.5 times that of roof-to-
floor. (2) The yield pillar rib convergence is larger than the
virgin coal rib convergence. The maximum yield pillar rib
convergence reaches 920 mm, and the average convergence
is 331 mm. By contrast, the maximum virgin coal rib conver-
gence only reaches 580 mm, with an average convergence of
237 mm. The yield pillar rib convergence is approximately
1.4-times that of the virgin coal rib, indicating that it is very
important to control the deformation of the yield pillar rib.

Figure 3 is a photograph of real scene in 15106 tail-
gate. It demonstrates that the yield pillar was fractured and
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deformed. The large deformation is mainly caused by abut-
ment stress, causing the yield pillar to become undersized.
Therefore, yield pillar failure is very likely to affect the
stability of GSE and should be studied to determine which
pillar sizes and support methods can increase structural
integrity.

2.3 Yield Pillar Damage

As illustrated in Fig. 4a, a horizontal exploratory borehole
4 m deep and 29 mm in diameter was drilled in the coal
pillar rib 2 m above the floor. A YTJ20 borehole camera
exploration device (BCED) was used to monitor the damage
in yield pillar rib (Fig. 4b). Figure 4c shows probe images
at different depths in the borehole. There are many inclined
and intersecting cracks found around the borehole. The coal
mass near the pillar rib has failed and become a fractured
zone. In addition, based on the results of the borehole probe,
it can be inferred that the deformation of the coal pillar adja-
cent to the gob side is larger or equal to that on the roadway
side. Therefore, the entire coal pillar became fractured by the
coalescence of internal cracks following the development of
the 15106 tailgate.

3 Numerical Simulation Using Discrete
Element Methods

3.1 UDECTrigon Method

In the Trigon method, a rock mass is represented as an
assembly of triangular blocks bonded through by inner con-
tacts to simulate the brittle material (Gao 2013). Each trian-
gular block is assumed to be elastic material and is divided it
into triangular finite difference zones that cannot fail. Failure
caused by shear or tensile stress can only occur along the
contacts, depending on the strength of the contact surface.
Mechanical interactions between two triangular blocks are
controlled by Coulomb friction law as shown in Table 1.
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Rock failure is captured by FISH language functions which
monitor changes in micro-cracks.

3.2 Element Size and Homogenisation

In Trigon logic, the fracture process is developed from the
microscopic elemental scale to the macroscopic scale. It is
necessary to ensure that the pre-existing fractures are within
the scale less than the triangular element size, so as to decou-
ple the interaction of pre-existing and new fractures reason-
ably. Borehole mapping method was adopted to obtain sta-
tistics about pre-existing fractures length in the yield pillar
and virgin coal seam, as depicted in Fig. 5. It demonstrates
that both fracture length samples conform to a lognormal
distribution. The dominant fractures length in pillar range
from 0.03 to 0.19 m, accounting for 80% in total (Fig. 5a). In
virgin coal seam, the fractures with length smaller than the
0.2 m account for 99.7% in total, and almost no large frac-
tures (greater than 0.2 m) existing (Fig. 5b). Comparing the
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Table 1 Failure criterion of the triangular blocks in the Trigon method

-

Voronoi model

Trigon model Constitutive law

\ 0u(T) /

bond breakage
) e

bond breakage

separation

a Micro-contacts yielding process in Trigon model (Kazerani

In the normal direction

Ao, =—k,Au, (1)
Where Ao, and Au, is the effective normal stress increment and normal
displacement increment, respectively, and k, is the normal stiffness of
contacts. There is also a limiting tensile strength, ¢,™, is assumed for any
contact. If this limit strength is exceeded, then ¢,=0.

In the shear direction, if

7 |<c+o,tanp=1" @
then
At =—k Au! 3)
or else, if
| > o “)
then
7, = sign(Au)T™ ©)

Where ¢ and ¢ are the friction angle and cohesion of the contact,
respectively. 7; and o, are the shear and normal stress of the contact,
respectively. Au,® and Aug are the elastic component of the incremental
shear displacement and total incremental shear displacement, respectively.

b Coulomb friction law (Kazerani and Zhao 2010, Gao and Stead 2014)

and Zhao 2010, Lisjak and Grasselli 2014)
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Fig.5 Probability distribution of pre-existing fractures’ length in the coal pillar (a) and virgin coal seam (b)

two figures, it was also found that the large fractures (20%)
did not exist in virgin coal seam, but generated under mining
activity, which cannot represent the natural pre-existing frac-
tures. Thus, it is reasonable to choose 0.2 m as element size
in the model to study the pillar width. Besides, the borehole
images also show that the distribution of small pre-existing
fractures is relatively uniform in the coal seam; therefore,
the mesh should be as homogeneous as possible so that the
fracture pattern is independent of the mesh in macro-scale
fracture coalescence. The element generation typically does
not take into consideration the influence of their homogeni-
zation (Mayer and Stead 2017).

3.3 Model Construction and Simulation Plans

A UDEC Trigon model was built to simulate the crack prop-
agation process and the damage evolution of the yield pillar

during coal pillar formation. The size of the 2D model is
150 m wide X 58 m high, as shown in Fig. 6a. For improving
computational efficiency, UDEC Trigon logic was used to
generate triangular blocks in the area of interest surround-
ing the roadway and pillar, as illustrated in Fig. 6b. The
average edge length of these triangular blocks in the yield
pillar area was 0.2 m, the surrounding coal area of the 15106
tailgate was 0.4 m, and the immediate roof and floor were
0.5 m. Areas surrounding the area of interest were assigned
coarser rectangular blocks of progressively graded increas-
ing edge length: 1.1 m, 2 m, and 7 m, respectively. These
block sizes had been shown to be sufficiently fine to repre-
sent the mechanical behaviour of the coal pillar (Gao et al.
2015). The 80 m-wide panel 15108 was accounted for in
the model to simulate the extraction of the adjacent coal
panel and ensure realistic mining-induced stress on coal pil-
lar (Fig. 6a). The bottom and lateral boundary were fixed
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in displacement at the vertical and horizontal direction,
respectively. An in-situ stress state with oy=13.16 MPa,
oy =19.70 MPa and 0, =9.82 MPa (Kang et al. 2009) was
imposed in the model. The maximum and minimum hori-
zontal stresses were perpendicular and parallel, respectively,
to the direction of roadway development. The vertical stress
of 13.16 MPa was applied on the up boundary to simulate
overburden pressure.

In general, the simulation of the panel and roadway
excavation comprised four steps. In first step, the geostatic
stress condition was applied in the global model and solved.
The 15108 panel was removed in the second step. Then the
15106 tailgate was developed in the third step. In the fourth
step, seven different plans with different pillar W/H ratios
(.e., 1, 1.75, 2, 2.5, 3, 4, 5) were solved. Coal pillars with
different W/H ratios are being used in various coal mines
in the Yangquan coalfield. Hence, the simulation of these
seven different yield pillars with various W/H ratios will be

helpful in developing yield pillar failure mechanisms and
design criteria for roadway stability.

3.4 Calibration of the Simulation Parameters

The mechanical behaviour of the contacts is controlled by
micro-properties including the normal and shear stiffness,
tensile strength, cohesion, and frictional coefficient. It is
often necessary to calibrate these micro-properties to the
rock mass properties (Gao 2013; Kazerani and Zhao 2010).
The following calibration process is applied to determine
the rock mass micro-properties in the Trigon model (Gao
and Stead 2014).

First, the rock mass’s uniaxial compressive strength
(UCS), deformation modulus, and Brazilian tensile strength
(BTS) are determined from performing the laboratory
unconfined compression test, Brazilian tests on small speci-
mens, and field measurements (e.g. RQD, O, GSI).

A calibration model was established using the Trigon
logic. To eliminate the influence of block size on the out-
come, the calibration model had the same triangular block
size as the field-scaled model.

The deformation modulus should be calibrated by setting
the blocks’ deformation modulus equal to the rock mass’s
deformation modulus. The normal stiffness, K, is calcu-
lated according to Eq. (8). Poisson’s ratio should then be
calibrated by varying K/K,. The ratio of K /K|, is set to 0.2
in this work.

Using the calibration model to run a series of unconfined
compression tests and Brazilian tests. The strength prop-
erties assigned to the contacts must be adjusted until the
UCS, deformation modulus, and BTS are agreement with
the rock mass properties. This involves three sub-steps: first,
the contact chesion, then the friction angle, followed by the
tensile strength.

3.4.1 Rock Mass Properties

The intact parameters obtained by performing compression
tests and Brazilian tests on small specimens are listed in
Table 2. But, these parameters cannot predict the natural
deformability of rock mass. RQD is still widely applied
to estimate the rock mass deformation modulus because it
is often more easily acquired than RMR or Q (Hoek and

Table 2 Properties of intact

Rock strata Intact rock RQD Rock mass

rock and calculated rock mass

in the Sijiazhuang coal mine E, (GPa) o, (MPa) E., (GPa) m (MPa) Oy (MPa)
Fine sandstone 234 489 92 14.8 36.6 3.66
Mudstone 10.6 16.6 76 34 8.1 0.81
Coal 3.2 10.5 72 0.86 4.6 0.46
Sandy mudstone 14.2 21.0 85 6.6 13.0 1.30
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Brown 1997). Based on much field monitoring data, Zhang
and Einstein (2004) developed a relation, Eq. (6), between
RQD and the modulus ratio E, /E,, where E_, and E, are the
deformation modulus of the rock mass and the intact rock,
respectively. Hence, this recommended relation can be used
to calibrate the rock mass parameters. The RQD value of
the rock mass was observed using a borehole camera in our
studied site.

Em/Er — 100.0186RQD—1.91' (6)

The rock mass strength can be calculated by Eq. (7)
(Singh and Seshagiri 2005):

Gcm Em !

(%)= (%) @
where o, and o, are the UCS of rock mass and intact rock,
respectively. And the index n for splitting, shearing, sliding
and rotation modes are 0.56, 0.56, 0.66, and 0.72, respec-
tively. Since the failure process of coal pillars is very com-
plicated, there are many failure models. For the purposes of
this paper, the value of index 7 is 0.63.

The properties of the intact rock and calculated rock mass
are listed in Table 2. The tensile strength of the coal and
rock mass was estimated to be one-tenth of the compressive
strength (Gao et al. 2015).

3.4.2 Contact Micro-Parameters

The above procedure was followed to calibrate the contact
micro-parameters of different strata layers in the Trigon
model. The Trigon logic calibration models were estab-
lished for simulating the UCS and BTS with dimensions
of 2 m-wide X4 m-high and 2 m-diameter, as illustrated
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in Fig. 7. Since the models are composed of four kinds of
lithology, four contact types must be calibrated. The normal
and shear stiffness of contacts, K, and K, were calculated
using the Eq. (8), where K and G are bulk and shear modulus
of the blocks, respectively; AZ_;, is the smallest width of
the zone adjoining the contact in the normal direction, and
n is a multiplication factor (usually set to 10). K and G were
calculated using K=E/3(1 — 2u) and G=E/2(1 +u), where
L is Possion’s ratio of blocks (Itasca 2014).

K +(4/3)G
AZ,

‘min

K,=n

] 1<n<10. 8)

The input parameters of the blocks and contacts were
calibrated using an iterative, trial-and-error method to
match the rock mass properties given in Table 2. The cali-
brated micro-properties in the Trigon model are provided in
Table 3. These properties represent the rock mass proper-
ties at the studied site. The calibration results are listed in
Table 4.

The joint model residual version of the Coulomb model
used in the simulation assumes that the failed contacts have
zero cohesion, tensile strength and residual friction angle.

3.4.3 Rock Bolt and Cable Properties

After the 15106 tailgate was developed, the roof and two ribs
were supported by resin-anchored rock bolts 22 mm in diam-
eter and 2.2 m in length. The spacing of bolts in the roof and
two ribs is 880 mm and 900 mm, respectively. The roof bolts
were installed with W-shaped steel straps, and rib bolts were
installed with steal ladder beams. In the model, the steel
straps and steal ladder beams were represented as built-in
“Liner” elements and the rock bolts were represented as a

4.0 4
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= 3.0
& B
= E
w 2.54 a
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Fig. 7 Calibration model using Trigon logic for calibrating the rockmass properties shown in Table 2. a Uniaxial compressive test, b Brazilian

tensile test
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Table 3 Calibrated micro-properties in the Trigon model for field scale model

Rock strata Matrix properties

Contact properties

Density (kg/m3) E (GPa) Poisson’sratio k, (GPa/m) k, (GPa/m) Cohesion (MPa) Friction angle (°) Tensile
(peak/residual)  strength
(MPa)
Fine sandstone 2600 14.8 0.28 757 151 11.7 40/33 5.55
Mudstone 2100 34 0.26 166.4 333 2.7 36/30 1.23
Coal 1300 0.86 0.25 160 32 1.5 35/30 0.41
Sandy mudstone 2350 6.6 0.28 337 67.5 4.2 38/32 1.97
Table 4 Calibrated results of rock mass properties in the Trigon model
Rock strata E (GPa) Error (100%) UCS (MPa) Error (100%) BTS (MPa) Error (100%)
Target  Calibrated Target  Calibrated Target  Calibrated

Fine sandstone 14.8 15.07 1.82 36.6 36.87 0.74 3.66 3.65 -0.27
Mudstone 34 3.37 —0.88 8.1 8.12 0.25 0.81 0.89 9.88
Coal 0.86 0.84 —2.33 4.6 4.67 1.52 0.46 0.44 —4.35
Sandy mudstone 6.6 6.74 2.12 13.0 13.14 1.08 1.30 1.36 4.62

Table 5 Properties of support elements in Trigon model as proposed
by Gao and Stead (2015)

Type Value
Cable element
Elastic modulus (GPa) 200
Stiffness of the grout (N/m?) 2e9
Cohesive capacity of the grout (N/m) 4e5
Structural element
Elastic modulus (GPa) 200
Tensile yield strength (MPa) 500
Compressive yield strength (MPa) 500
Interface normal stiffness (GPa/m) 10
Interface shear stiffness (GPa/m) 10

built-in “Cable” elements. The support elements properties
used in this study are listed in Table 5.

3.5 Validation of the Global Model

3.5.1 Simulated Roadway Deformation Comparison
with Field Observations

The deformation of the 15106 tailgate was modeled by the
numerical simulation using the same rock properties and
excavation techniques used in the Sijiazhuang coal mine.
Figure 8 shows a comparison between the result of the
numerical simulation and the monitoring. The roof-to-floor
and rib-to-rib convergence, as calculated by the numerical
model, are approximately 592 mm and 696 mm, respectively.
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This is nearly the same as the roadway deformation recorded
by the field monitoring station located 610 m from the road-
way entrance (Fig. 8a). Actual convergence at that location
was 540 mm from roof-to-floor and 645 mm from rib-to-rib
(Fig. 8b). Figure 8c—g compares photographs of the actual
roadway damage with the simulated deformation of the roof
and rib in roadway cross-sections. The deformation of the
floor rails occurred because of floor heave, which also broke
the steel strap in the roof. The roof subsidence and rib bulge
were caused by mining-induced stress acting on the roadway.
The greatest deformation occurred in the lower half of the
coal pillar, and the transportation belts became extruded.
All roadway damage that was monitored in the field was
reproduced by the UDEC Trigon model, as shown in Fig. 8f.

3.5.2 Simulated Fractures and Borehole Camera Image
Comparison

The distribution of cracks in the 7 m-yield pillar were
obtained from the Trigon model, as shown in Fig. 9. The
model shows that the coal pillar can be divided into a large
fractured zone (LFZ) and a small fractured zone (SFZ),
according to the number of cracks. Figure 9b shows that the
LFZ, mainly consisting of tensile cracks, was formed in both
sides of the yield pillar. While, the SFZ mainly consisting of
shear cracks, was generated in the center of the yield pillar.
These simulation results are in agreement with the borehole
images shown in Fig. 4c.

The model results are close agreement with the field
observations, verifying that the model can be used to simu-
late the deformation and failure of coal pillars and roadways.
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a_Simulation ¢ Yiled pillar rib.corner’ |

Initial cross section

Fig. 8 Comparison of the simulation results and field observations

a Fracture patten b Cracks

—— Tensile cracks —— Shear cracks

Fig.9 Trigon model predicted fractures distribution in the pillar. a
Fracture pattern, b cracks distribution

The following sections will analyze crack propagation and
damage of coal pillars with different widths in a GSE and
investigate the failure mechanisms using this UDEC Trigon
model.

4 Modeling Results
4.1 Damage Analysis

To monitor the failure of the coal pillar during its formation
process, a FISH function was used to record the total length
of cracks in the pillar as well as the length of shear and ten-
sile cracks caused by mining-induced stress. The damage
parameter, D, is proposed according to Gao (2013):

D= M X 100%, )
Le

where L is the total contact length, Lg is the total length of
shear cracks, and L is the total length of tensile cracks. The
damaged region indicates that contacts have failed in differ-
ent degrees due to either shear or tensile stress.

f Simulation

€ Roof Steel strap

g Longwall panel rib

1007 — width=d4m, W/H=1 ~ —— Width=7m, W/H=1.75
90 — Width=8m, W/H=2 ~ —— Width=10m, W/H=2.5

—— Width=12m, WH=3 —— Width=16m, W/H=4
804 —  Width=20m, W/H=5

Stage [

Fig. 10 Damage evolution process in pillars with different W/H ratios
in Stage I and Stage II

Figure 10 shows how the damage parameter changes
in coal pillars of different widths, including during 15108
longwall mining (Stage I) and 15106 tailgate excavation
(Stage II).

Stage I: The coal mass was damaged by 15108 longwall
mining. The larger distance from the gob side, the less
damaged the coal mass will be. The damage parameter, D,
for coal in the coal pillars with widths of 4, 7, 8, 10, 12,
16, and 20 m were 67.6%, 39.9%, 34.6%, 27.4%, 22.6%,
16.9%, and 13.5%, respectively.

Stage II: The damage parameters for the different widths
of coal pillars increased greatly during the development
process of the 15106 tailgate. The increase of damage
parameter can be divided into three stages: a stage of sharp
increase, a stage of linear increase, and a stable stage.
The damage parameter, D, for coal pillars with widths of
4,7,8,10, 12, 16, and 20 m were 87.5%, 64.8%, 59.2%,
50.8%, 44.6%, 28.3%, and 21.8%, respectively. As such,
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the greater the width of the coal pillar, the less significant
the damage.

4.2 Crack Analysis

This section analyzes the propagation of cracks in coal pil-
lars of different widths during the formation process, as
shown in Fig. 11.

Stage I: The cracks in the coal pillar propagate continu-
ously as the rock above the gob caves. Figure 11a, b shows
that the shear and tensile cracks are almost the same quanti-
ties in coal pillars with different W/H ratios before the 15106
tailgate is excavated, indicating that the most fracturing takes
place within the 4 m of the coal pillar near the gob side.

Stage II: Cracks continue to propagate as the 15106 tail-
gate starts to be excavated, finally stopping after the exca-
vation is completed (Fig. 11a, b). Evidently, the amount of
shear cracks in the pillar is greater than that of tensile cracks,
which implies that pillar damage is caused mainly by shear
failure.

4.3 Failure Mechanism

After the coal pillar is formed, the damage parameters at
different positions of different widths pillars are shown in
Fig. 12. The damage mainly occurs in both the roadway and
gob sides of the coal pillar and appears in a “U”-shaped dis-
tribution. Gao (2013) proposed D=35% as a critical value
for classifying failure areas and used it to analyze roof col-
lapse above a longwall panel. This percentage is, therefore,
adopted to evaluate the degree of damage in the pillars of our
study. When W/H <2, the entire coal pillar is fractured and
it is deemed a high damage area (HDA) (D >35%). When
W/H > 2.5, a low-damage area (LDA) (D <35%) is located
at the center of the coal pillar. This LDA expands as the W/H
ratio increases.
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Fig. 12 Distribution of the damage parameter, D, in pillars of differ-
ent widths

The fracture patterns and crack distributions in coal pil-
lars with different widths are shown in Fig. 13. When the
width of the coal pillar is 4 m (Fig. 13a), the coal pillar is
completely fractured, mainly as a result of tensile failure.
When the width is 7 m or 8 m (Fig. 13b, c), the HDA encom-
passes the entire coal pillar and the internal joints become
sheared from sliding. Tensile failure mainly occurs near the
coal pillar boundary and shear failure mainly occurs at the
center of the pillar. When the pillar width increases from
10 to 20 m (Fig. 13d—g), the HDA appears as “U” shaped,
and the widths of gob-side and roadway side HDA are 4 m
and 2 m, respectively. On the other hand, the LDA appears
in an “X” pattern within the pillar, and the width of the
LDA changes from 4 to 14 m. The stability of the coal pillar
improves when the range of the LDA increases.

To summarize, the failure mechanism of the coal pil-
lar is as follows: the internal joints are initially sheared by

Width=4m, W/H=1
Width=8m, W/H=2
Width=12m, W/H=3
Width=20m, W/H=5

—— Width=7m, W/H=1.75
—— Width=10m, W/H=2.5
—— Width=16m, W/H=4

\S]
~
(=3
(=)
PR B

Stage |

b Tensile cracks

| Stage 11 |

Fig. 11 Cracks in the pillar with different W/H ratios in Stage I and Stage II. a Shear cracks, b tensile cracks
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Immediate roof

15106
15108 Tailgate
Gob

Coal seam

Immediate floor

Cracks

— Tensile cracks

— Shear cracks

¢ Pillar 8m W/H=2

15106

Tailgate 15108

15106
Tailgate

15106
Tailgate

e Pillar 12m W/H=3

g Pillar 20m W/H=5

LDA
14m

Fig. 13 Fracture patterns and micro-tensile and micro-shear frac-
tures in pillars of different widths. The red cracks represent tensile
cracks, blue cracks represent shear cracks, green solid lines represent

mining-induced stress. Then, tensile failure occurs under
constant pressure. Importantly, obvious macro-cracks appear
as a result of coal splitting in the HDA. Failure spreads
from the edge to the center of the coal pillar, and the failure
degree decreases as it spreads. Therefore, it is essential to
choose the best possible coal pillar width and to focus on
controlling the area where macro-cracks appear to keep the
pillar from collapsing.

the boundary of the coal pillar, magenta dashed lines represent the
boundary of the HDA, and the arrows show the width of the damaged
area

5 Discussion

5.1 Yield Pillar Width Determination

The results from the BCED and numerical simulations show
that the width of the coal pillar and applied support meas-
ures could not sufficiently control the roadway deforma-
tion. Comparing the Sijiazhuang coal pillar to other intact
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Chinese coal mines (Wang et al. 2016b) reveals that the most
significant deformation of the roadway was likely caused
by damage to the 2 m of superficial rock surrounding the
roadway. Uneven deformation occurred due to shear slip of
fractured coal pillar. An appropriate pillar size would reduce
deformation and maintain stability of the yield pillar. Fig-
ure 14 shows the damage parameter at a depth of 2 m in coal
pillar ribs with different W/H ratios. When the width of the
coal pillar is 10 m, the damage parameter is low and roadway
deformation can be easily controlled. Thus, we conclude that
the LDA is at the center of coal pillar when W/H >2.5, and
that a 10-m coal pillar would have good bearing capacity.
According to our analysis, a secure coal pillar width is 10 m.

5.2 Support Principles

Based on the failure characteristics of yield pillars, the fol-
lowing support measures are proposed: (1) high-strength
elongated bolts should be used in combination with anchor
cables to control shallow fractured zones and prevent bed
separation from the surrounding rocks, (2) high-preten-
sion bolts should be applied in yield pillar ribs to control

100+
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40 —— Im range
] —@— 2m range

Damage / 100%

301

] 15108 1 pill Im 1m| 15106
20 ] Gob CEAIElE & tailgate
10 1

0

| 7m N
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Fig. 14 Damage parameter at a depth of 2 m in coal pillar ribs with
different W/H ratios

Fig. 15 Photograph of installa-
tion equipments and rock bolt
components. a High-power
pneumatic wrench. b Torque
amplifier. ¢ Torque wrench

for rock blots. d Bolt plate of
W-shaped steel straps. e Cable
plate of high-strength dish-
shaped steel. f Steel ladder
beam
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uneven deformation caused by shear slip on the joints in
shallow fractured zones. High-power pneumatic wrenches
(Fig. 15a), torque amplifiers (Fig. 15b), and torque wrenches
(Fig. 15¢) can increase the pretension force on bolts, (3)
the parts selected for rock bolts and anchor cables should
significantly contribute to controlling surface fracturing
and preventing cracks propagation in the yield pillar. The
W-shaped steel strap plates for bolts (Fig. 15d) and high-
strength dish-shaped steel plates for anchor cables (Fig. 15¢)
should be adopted and used in conjunction with steel ladder
beams (Fig. 15f), (4) grouting reinforcement should be used
to improve the residual strength of shallow fracture zones
in yield pillar ribs.

5.3 Technical Measures

In accordance with the above description, the yield pillar
width was increased to 10 m and optimized support meas-
ures were adopted in the last 600 m of 15106 tailgate. A
cross-section of the optimal support pattern is illustrated
in Fig. 16.

The roof was supported by high-strength left-hand-
threaded steel bolts 22 mm in diameter and 2200 mm
in length. The inter-row spacing of the bolts was
880 mm x 800 mm. Nineteen-strand steel anchor cables
21.8 mm in diameter and 7200 mm in length were also
used for roof support. The inter-row spacing for the
cables was 1800 mm X 1600 mm (2 cables per row) and
1200 mm X 1600 mm (3 cables per row). The two ribs
were supported by high-strength left-hand-threaded steel
bolts 20 mm in diameter and 2200 mm in length. The
inter-row spacing of the bolts was 900 mm X 800 mm.
Seven-strand steel anchor cables 17.8 mm in diameter
and 4200 mm in length were used in the longwall panel
rib. The inter-row spacing of these anchor cables was
1800 mm X 1600 mm. The bolts and anchor cables were
connected with steel ladder beams made of 12 mm round
steel (Figs. 15f, 16b). Bolts in the roof and rib corners
were installed at a 15° incline. In addition, all bolts and
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Fig. 17 Measured convergences in the 15106 tailgate using optimal
support measures and pillar width

anchor cables in the roof and two ribs were installed with
pretension forces of 50 kN and 250 kN, respectively.

The deformation during the driving process of the
15106 tailgate with the above optimized support measures
are shown in Fig. 17. Monitoring results show that defor-
mation of rocks surrounding the tailgate is effectively
controlled, and the tailgate stabilizes after driving 140
m. The roof-to-floor and rib-to-rib convergences were
216 mm and 285 mm, respectively, representing a reduc-
tion of 78.9% and 80.5% compared to convergences prior
to the implementation of these support measures. The
results demonstrate that a 10-m pillar with optimal sup-
port measures can successfully control the deformation
of surrounding rock.

5.4 Further Research

A Trigon model is used to study the failure process of gob-
side coal pillar. There are no pre-existing large fractures
(greater than 0.2 m) in coal seam according to the borehole
mapping methods, and these large fractures were not explic-
itly represented in the model. Meanwhile, the Trigon method
controls the homogeneity of blocks by iteration times, and
the generated element typically does not take into consid-
eration the heterogeneity influence. Although this method
has certain limitations at field scale, e.g. overestimates the
pillar strength (Gao and Kang 2016) or changes the failure
mechanism of the pillar (Mayer and Stead 2017), the appli-
cation presented has relevant information for those working
in these themes. As a result, the outlined limitations should
not preclude the method or results; however, caution needs
to be taken when analyzing the pillar strength and failure
mechanism, as additional research is required to further ana-
lyse the pre-existing large fractures and the heterogeneities
based on the synthetic rock masses (SRM) method (Pine
et.al 2006; Elmo 2006).

6 Conclusions

A field test and numerical simulation were combined to
investigate the micro-cracks’ propagation and failure law of
coal pillar in the Gob-Side Entry (GSE) to optimize the coal
pillar width and support measures. We draw the following
conclusions:

e The monitored roadway deformation indicates that the

maximum roof-to-floor and rib-to-rib convergence in
the first 1000 m of the roadway reached 860 mm and
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1460 mm, respectively. As shown in the photographs
taken by a borehole camera, the 7-m coal pillar yielded
completely to the coalescence of internal cracks.

e A UDEC Trigon model was developed to simulate road-
way deformation and crack distribution in the yield pil-
lar. The input parameters were calibrated, and the global
model was validated against data from field monitoring.
The simulated results are consistent with those from
field observations. The initiation, propagation, and coa-
lescence of internal cracks were investigated throughout
the formation process of the coal pillar, including the
15108 longwall mining and 15106 tailgate excavation
processes. Shear cracks played a predominant role in the
pillar failure, which propagated from the pillar surface to
its center. Under the conditions of the 15106 tailgate, the
most appropriate coal pillar width was determined to be
10 m.

e According to the coal pillar damage analysis, an opti-
mal pillar width and support measures were proposed
and implemented in the last 600 m of 15106 tailgate.
Field applications show that the resulting roof-to-floor
and rib-to-rib convergence are 216 mm and 285 mm,
respectively, representing a reduction of approximately
80%. These support recommendations provide a basis
for controlling the deformation of gob-side yield pillars
under similar engineering and geological conditions.
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