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When residual pillars are extracted in a short time in room and pillar mining, the load
transferred from the removed pillar acts on neighbouring pillar workings in a dynamic
manner. This study aims to investigate the instability of large mined-out areas triggered
by dynamic disturbance resulting from residual pillar recovery. A mechanical model
combining the pressure arch theory (PAT) based method and structural dynamics was
first established to assess the stress state and deformation of a pillar subjected to
combined effects of static and dynamic loads. The process of residual pillar recovery
and potential induced instability of neighbouring pillar workings in a five-pillar system
was further numerically simulated in both static and dynamic modes, and the response
of adjacent pillars was investigated. It was found that the induced disturbance to a pillar
can be characterised by the dynamic amplification coefficient R, the ratio of the
increased vertical pillar load to the transferred load. Rmax can exceed 1.5 or even
approach 2 in practical pillar recovery using the blasting method. Modelling results
showed that while pillar workings adjacent to a removed pillar remain stable in static
analysis, violent and large-scale pillar collapses can be triggered in the event of quick
pillar recovery of blasting method. Results indicated that when the dynamic effect of
pillar recovery is not considered, the load undertaken by adjacent pillar workings would
be largely underestimated. To ensure mining safety, the induced dynamic effect should
be accounted for in the design of the pillar recovery method.
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Abstract: When residual pillars are extracted in a short time in room and pillar mining, the load
transferred from the removed pillar acts on neighbouring pillar workings in a dynamic manner. This
study aims to investigate the instability of large mined-out areas triggered by dynamic disturbance
resulting from residual pillar recovery. A mechanical model combining the pressure arch theory (PAT)
based method and structural dynamics was first established to assess the stress state and deformation
of a pillar subjected to combined effects of static and dynamic loads. The process of residual pillar
recovery and potential induced instability of neighbouring pillar workings in a five-pillar system was
further numerically simulated in both static and dynamic modes, and the response of adjacent pillars
was investigated. It was found that the induced disturbance to a pillar can be characterised by the
dynamic amplification coefficient R, the ratio of the increased vertical pillar load to the transferred
load. Rmax can exceed 1.5 or even approach 2 in practical pillar recovery using the blasting method.
Modelling results showed that while pillar workings adjacent to a removed pillar remain stable in
static analysis, violent and large-scale pillar collapses can be triggered in the event of quick pillar
recovery of blasting method. Results indicated that when the dynamic effect of pillar recovery is not
considered, the load undertaken by adjacent pillar workings would be largely underestimated. To
ensure mining safety, the induced dynamic effect should be accounted for in the design of the pillar
recovery method.

Keywords: unloading process; dynamic disturbance; rock failure; initial stress; pillar instability

List of symbols:

DEM Discrete element method

PAT  Pressure arch theory

D Fraction of critical damping

E Elastic modulus of a pillar

EA Excavated area

e Extraction ratio
g Gravitational acceleration
H Depth of pillars
K Elastic stiffness of a pillar
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1. Introduction

A flatly dipping orebody is usually mined by the room and pillar method. A grid of rooms are
extracted on a horizontal plane, leaving large mined-out areas in deep underground. According to
statistical data, a total of 1.28 billion square meters of mined-out areas were left in metal and non-
metal mines in China by the end of 2015. In these areas, pillar workings act as supporting structures to
support huge overburden (Zhou et al. 2018b). For the sake of increasing mine life and total return on
investment, parts of residual pillars are extracted after room extraction, and vertical loads are
redistributed and applied on adjacent pillar workings. Under higher stress levels, it may trigger the
instability of neighbouring pillar workings, or even give rise to catastrophic progressive pillar
collapses in large mined-out areas.

The calculation of vertical pillar load before and after extraction and the stability evaluation of mined-
out areas attract intensive research efforts (Chen et al. 2017; Xiao et al. 2017; Zhang et al. 2017). The
tributary area method has been widely used for estimating average axial stress states in coal pillars
(Brady and Brown 2013). The fundamental assumption of this method is that each pillar carries the
full load of the overlying strata, and half of that of surrounding roadways. Abel (1988) used the
parabolic load transfer arch for estimation of loads undertaken by yield and barrier pillars in soft rock.
The pressure arch theory (PAT) based method proposed by Poulsen (2010) could account for both
pillar geometry and the spatial position within the panel, and was successfully applied for risk
assessment of a decommissioned colliery in Australia (Poulsen and Shen 2013). When pillars are of
approximately regular shapes and can be treated as linearly elastic media, reliable estimation of
vertical pillar stresses can be obtained in three dimensional numerical simulation (Brady and Brown
2013). Lunder and Pakalnis (1997) proposed an estimation method for hard rock pillar strength by
integrating the tributary area method and boundary element analysis, so as to reconcile empirical
expressions of pillar stress with more rigorous analysis.

As pillars are usually extracted in a very short time, the transferred load would act on neighbouring
pillars in a dynamic manner, introducing distinct excitation to adjacent pillars and surrounding strata.

However, previous research work only accounted for the final transferred load based on the extraction
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ratio change after pillar recovery, and little effort went into investigation of the dynamic load transfer
process and the accompanying induced disturbance. The risk assessment of mined-out areas is based
on the estimation of pillar loads and load transfer after extraction, and the goaf stability can thus be
overestimated. In this regard, the dynamic pillar recovery induced disturbance and possibly triggered
instability of mined-out areas should be investigated.

Actually, dynamic disturbance resulting from caving, blasting, and extraction, etc. is quite common in
deep underground (Kaiser et al. 1996; Kaiser and Cai 2012; Cao et al. 2018; Li et al. 2018; Zhao et al.
2018). It was reported that underground coal pillar recovery accompanied with caving of overlying
strata could cause dynamic loading over neighbouring pillars (Singh et al. 2011a, b). The dynamic
disturbance can be remarkable when underground coal pillars lie under strong and massive roof strata.
Previous studies also revealed that dynamic response of surrounding rock can be induced by the
excavation unloading of underground openings (Lu et al. 2012; Li et al. 2014). The induced peak
particle velocity (PPV) in surrounding rock increases with increasing unloading rates (Cao et al. 2016).
Excavation induced dynamic disturbance has a detrimental effect on the stability of underground
openings and structures (Kaiser et al. 1996; Tao et al. 2013; Yang et al. 2013). For example, the
instantaneous tunnel excavation in high initial stress states can lead to the dynamic stress
concentration around adjacent tunnels, and even damage and failure on the incident side of the tunnel
(Li et al. 2016). Dynamic disturbance from blast loading, like rheological loads and water, can cause
deterioration in mechanical properties of rock masses, and thus reduce the stability of goaf (Chao et al.
2015; Zhou et al. 2018a). For mined-out areas left by the room and pillar method, the induced
dynamic disturbance is also a significant cause to its instability. Understanding the mechanism and
associated consequences of dynamic disturbance is necessary to prevent these hazards. The Canadian
Rockburst Support Handbook (Kaiser et al. 1996) summarised a number of case studies of
seismically-induced rockbursts, and suggested that rock support in burst-prone ground needs to resist
dynamic loads and large rock dilation due to violent rock failure. Wang et al. (2013) simulated the
dynamic mechanical state evolution of a coal pillar during longwall mining using FLAC3D, and
found that the vertical pillar stress could be used as a precursor to coal bump occurrences. Wang et al.
(2016) simulated the dynamic response of a coal pillar under seismic disturbance caused by roof

5
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caving, and found the pillar width-to-height (W/H) ratio to be an important factor influencing the
response. Dynamic behaviour of pillars in response to disturbance is negligible at large W/H ratios
(greater than 4), but can be quite apparent at small ones (lower than 2).

This research focuses on the dynamic disturbance resulting from pillar recovery and the induced
instability of adjacent pillar workings. In Section 2, the dynamic response of pillar workings to pillar
recovery is simplified to a problem of one-dimensional loading on a pre-stressed pillar. In Section 3, a
mechanistic model is developed to evaluate the stress state and deformation of pillar workings
adjacent to a removed pillar, in which the maximum vertical pillar load is calculated based on the
pressure arch theory and structural dynamics. In Section 4, numerical simulation using the discrete
element code PFC2D is carried out to model the response of a five-pillar system subjected to the
central pillar recovery in both static and dynamic modes. The influence of pillar recovery time on the

stability of pillar workings is further discussed.

2. Dynamic stress disturbance induced by pillar recovery

In inclined orebodies, some room-and-pillar type pillars are designed to be oriented perpendicular to
the footwall and hanging wall, and thus are subjected to compressive and shear stresses (Suorineni et
al. 2011, 2014). Far field major principal stress inclination of 15° or more relative to orebodies is
significant to cause weakening in pillars workings. In this work, only vertically designed pillar
workings dominated by compressive stress are considered, so as to minimise the impacts of shear
loading on the behaviour of pillars.

It is widely accepted that pillar workings adjacent to a removed pillar are prone to be damaged or
even crushed by load transferred from the removed pillar. However, in the perspective of dynamics,
the response of neighbouring pillars is caused by unloading disturbance emanating from the removed
pillar. Specifically, loads acting on the top and bottom of an excavated pillar can be replaced by
statically equivalent stresses. Instantaneous pillar recovery means sudden unloading of the equivalent
stresses, initiating a dynamic unloading wave travelling away from the removed pillar. All rock

particles subjected to this wave tend to move towards the opposite direction of wave propagation.
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When the wave reaches adjacent pillar workings, the exerted force acts on both the top and bottom of
pillars in the loading direction. Adjacent pillar workings, therefore, are subjected to the combined
effects of the initial vertical stress (Fig. 1a), and the dynamic disturbance from rock masses (Fig. 1b).
The dynamic stress acting on adjacent pillars oscillates in a short time, and eventually converges to a
fixed value equal to the redistributed overburden.

With a large pillar spacing, the effect of incident wave’s curvature is marginal, and the wave can be
roughly treated as an elastic plane wave for adjacent pillars (Pao and Mow 1973). In this respect, the
dynamic response of pillar workings induced by pillar recovery can be simplified to a problem of one-
dimensional loading on a pre-stressed pillar. The dynamic behaviour of adjacent pillar workings is

closely related to the stress level, pillar spacing and extraction time, etc.

3. Induced dynamic stress concentration and instability of pillar workings

As introduced in Section 2, the induced dynamic response of vertical pillars is primarily associated
with the initial vertical stress, the transferred load, and the compressive strength of pillars. In this
section, the pillars are assumed to be linearly elastic before failure and of regular shape. The initial
and transferred vertical pillar loads will be first calculated, on the basis of which the dynamic pillar

behaviour and pillar collapse in response to neighbouring pillar recovery will be assessed.

3.1 Calculation of initial vertical pillar loads

The determination of the vertical stress acting on a pillar before and after adjacent pillar recovery is
important for practical pillar design purposes. Given a specific panel geometry and a required safety
factor, a knowledge of the vertical pillar load is conducive to the determination of pillar layouts and
the optimisation of extraction.

Practical methods in estimation of vertical pillar loads have been a focus of research for many years.
The tributary area method can be used to estimate the average pillar load for a reasonably uniform
pattern of pillars by assuming that each pillar bears a proportionate share of the total overburden load
(Brady and Brown 2013). After mining exploitation, the vertical load o, on any remnant pillar is
related to the initial overburden loading pgH and the near field extraction ratio e. But this method does

7
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not account for interactions between adjacent pillars and between pillars and surrounding strata,
possibly leading to a significant overestimation of vertical pillar loads (Roberts et al. 2002).
Numerical modelling can be a tool to assess the stability of irregular pillars with local variations of the
extraction ratio. On the basis of numerical results using a finite difference code, a quadratic fitting
function of the relative extraction ratio was applied to estimate the average vertical pillar load
(Hauguin et al. 2016). However, since the quadratic function is derived by simulating a variety of
random panel layouts, it may not be applicable in analysing a specific pillar geometry. Poulsen (2010)
developed a PAT-based method to calculate the average vertical stress acting on pillars of irregular
geometries. Considering that pillars interact with adjacent pillars and surrounding strata within a
lateral zone of influence, extraction ratios averaged over several pillars rather than the local extraction
ratio for a single pillar are used in calculation. In this work, the PAT-based method was used to
estimate initial vertical pillar loads and transferred loads after pillar recovery.
The load transfer distance (LTD) first introduced in the work of Abel (1988) represents the maximum
distance that load can be transferred. Based on in situ measurements of 55 pillars within sedimentary
deposits, the fitting quadratic function between the pillar depth H and the LTD is written as:
LTD =-1x10*H?+0.2701H (1)
In the PAT-based method, the zone of influence (ZI) can be considered to be a circular area centred at
the pillar with radius r, as illustrated in Fig. 2. Both r and ZI are associated with the LTD, and can be
computed respectively by (Poulsen 2010):
r=2LTD+w, /2 (2)
ZI=n( 2LTD+w, /2)* (3)
where w. is the effective width for non-square pillars, which is 4 times the ratio of pillar area to pillar
circumference.

The vertical pillar load o, can be written as (Poulsen and Shen 2013):

pgH @)

where e is the extraction ratio in the ZI of the pillar, and is given by:



©CO~NOOOTA~AWNPE

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

_EA

e__
Z|

()

where EA denotes the excavated area in the ZI, as illustrated in Fig. 2.

3.2 Calculation of transferred vertical pillar loads

After pillar recovery, the load previously carried by the removed pillar will be redistributed and act on
neighbouring pillars or surrounding rock. For any pillar that remains unbroken, Eqgn. (4) can be used
to estimate the vertical pillar stresses o, and o, before and after adjacent pillar recovery. If the
removed pillar locates within the ZI of any pillar, the vertical load on that pillar would increase with
the increase in its EA after pillar recovery. The increment in the vertical pillar load, termed as the
transferred load, can be given by:

Ac,=o, —o! (6)
For any pillar to support the transferred load, Ao, depends on the percentage of the area of the
removed pillar to that of the ZI. However, the transferred load acts on adjacent pillars in a dynamic
manner, and can thus be much larger in practical mining activities. In this regard, it is pertinent to
compute the maximum induced vertical load and evaluate the pillar stability in a dynamics viewpoint,

which will be described in Section 3.3 and 3.4 respectively.

3.3 Calculation of the induced dynamic stress

Fig. 3 illustrates the dynamic response of a pre-stressed pillar subjected to a suddenly applied load.
The pillar is initially under compressional stress . When a transferred load is applied, the stress
equilibrium is disturbed, and the pillar compression undergoes an acceleration stage until the vertical
load reaches o). At that moment, the vertical pillar stress is equal to the external load, indicating that
it would be the equilibrium position for the pillar. Then the speed of pillar compression declines until
reaching the maximum compressional position. The pillar would oscillate around and finally converge
to the equilibrium position.

The induced disturbance to a pillar can be characterised by the dynamic amplification coefficient R,
defined as the ratio of the dynamic increased vertical pillar load to the final transferred load. The

9
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maximum dynamic amplification coefficient Rmax is achieved at the maximum compression position.
The maximum vertical pillar load o, can be expressed in terms Of Ruax:

o™ =Ac,+c’ =R, -Ac,+c’ @)
When a pillar is extracted using the blasting method, the support to the goaf roof is released in a very
short time, and the overburden load is transferred to adjacent pillars. It is assumed that the load
transfer duration is to. For any single neighbouring pillar, the time-dependent transferred load is
considered to act as a single ramp loading followed by constant loading, as illustrated in Fig. 4. The

loading history can be mathematically expressed as:

o(t) = t, (8)

The pillar response to dynamic loads can be analysed by means of structural dynamics. Consider a
dynamic impulse o(z) acting on a static linearly elastic undamped system over time interval dr at time

7, the resultant pillar response to the impulse at time t is:

y(t) =

o7 G027~ o)t ¢ 9)
mow T

in which m and T are the mass and natural vibration period of the pillar, respectively. The mass and
natural vibration period can be correlated by the elastic stiffness K of the pillar:

T=2zm/K (10)
Egn. (9) is approximate for finite impulse duration, and it becomes accurate when the duration
approaches zero. The entire loading history o(t) can be considered to consist of a succession of such
short impulses, each giving rise to its own differential response. For the linearly elastic system, the
total response can be obtained by integrating all differential responses over the loading time, which is

known as the Duhamel integral equation (Clough and Penzien 2003):
o(7) T g .27

y(t) = j sn—(t— 7)dr _mjoa(r)sun?(t—r)dr,tZT (11)

The pillar deformation in response to the time-dependent loading can be obtained by combining Eqn.

(8)(10) and (11):

10
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£(t—lsinz—”tj t<t,

t, 27 T

Yo = T 27 t st
1-—cos——=(t—2)sin—= t>t

y{ aty T ( 2) T } 0

(12)

where ys is the pillar deformation increment given by y. =Ao, /K. For the linearly elastic pillar, the

deformation is proportional to the induced vertical stress, which can be written as:

Y (Ve _ A0y
A Ao,

max (13)

Substituting Egn. (12) to (13) gives the maximum dynamic amplification coefficient Rmax in Eqn. (7):

1 T . 27
= t———sin =t t<t,
t, 2z T
R = Max R(t) = max (14)
2 tyy . 7ty
l-—cos— (t——=)sin—= t>t,
7t 2 T

It can be observed from Eqn.(14) that, given the natural vibration period T, Rmax depends on the pillar
recovery time to. To investigate the impact of pillar recovery time on dynamic response of adjacent
pillars, the time-varying dynamic amplification coefficients for to = 0, 0.01T, 0.5T, 1.0T and 2.0T
respectively is presented in Fig. 5. to = 0 means instantaneous pillar recovery, which yields an Ruyax as
much as 2. It can be seen that when to is shorter than 0.01T, Rmax approximates to that in the case of to
= 0. When the extraction time is longer than T, Rmax becomes 1, suggesting no evidence of dynamic
effect. When to ranges from 0.01T to T, Rmax falls in the range between 1 and 2.

Based on in situ microseismic measurements, the natural vibration period of rock masses is generally
in a magnitude of 10 s (Pan et al. 2007). Using the blasting method, the fragmentation of rock
masses accompanied with the release of in situ stress takes places in several to tens milliseconds (10--
102 s) (Lu et al. 2012). Therefore, the induced dynamic amplification coefficient for a neighbouring

pillar can exceed 1.5 or even approach 2.

3.4 Dynamic instability criterion for pillar workings

The conventional criteria for material failure can be classified into three types: stress/strain failure

criteria, energy type failure criteria, and damage failure criteria (Li 2001). These criteria are usually

11
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applicable to stable or controlled failure phenomena, in which processes the failure takes place
gradually and can be restrained by regulating the stress states.

However, in certain circumstances, uncontrolled failure phenomena such as rockbursts, pillar
collapses and roof fall occur suddenly even without prior deterioration of the rock mass. These
instances can be generalised as the problem of instability (Salamon 1970), and the failure criteria may
be different. Salamon (1970) applied the complete stress-strain curve of uniaxial rock tests to the
explanation of the pillar collapse phenomena, and suggested that pillars will be stable if the sum of the
stiffness matrix of mining workings and the slope matrix of the force-displacement curve of pillars is
positive definite. In this respect, the stability conditions of pillars are dependent on their mechanical
and deformation characteristics.

It is common that these phenomena involve both critical stress states of mine structures and external
dynamic excitation. So the external disturbance should be taken into account in evaluating the
instability of mine structures. Petukhov and Linkov (1979) formulated a stability criterion based on
the understanding of post-failure characteristics, which considers that instability occurs when the
increment of external energy input exceeds the intrinsic energy increment. Zubelewicz and Mroz
(1983) generalised the instability condition as the monotonic increase of the kinetic energy of the
system under external excitations. This criterion was further examined by modelling two dynamic
rock rupture phenomena induced by instantaneous excavation of pillars and a plane wave incidence to
an excavation face respectively. Li et al. (2005) and Zuo et al. (2005) used a catastrophic model to
characterise the failure process of rock subjected to coupled static and dynamic loads, and found that
the unstable failure is associated with both the magnitude and frequency of dynamic loads.

In this study, the rock mass is considered to become unstable when the released energy exceeds the
energy consumed in the failure process (Dou et al. 2015). The criterion can be given by:

du _du, du, dy, 15)
dt  dt  dt  dt

where U is the total released energy in the extraction, Uy is the strain energy stored in the rock mass to

be extracted, Uy is the external energy from the dynamic disturbance, and Uy is the energy needed to

12
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be consumed in fracturing the rock mass. This criterion is applicable for rock masses under both two-
and three-dimensional stress states.

For pillar workings under uniaxial compressive stress state, the total released energy is:

_ (O-s +O—d)2
2E

U (16)

where E is the elastic modulus of the pillar, and &, and o, are static and dynamic pillar loads,

respectively.
Similarly, Ur can be computed using the critical stress o, i.e., the pillar load under the critical

equilibrium state:

U, = e (17)

Substituting Equations (16)(17) to (15), the criterion becomes:

o, +0, =0, (18)
Combining Equations (7) and (18), the criterion in this study can be simplified to:
O-\:nax 2 O-cri (19)

4. Numerical simulation of pillar recovery induced disturbance

The theoretical formulation introduced in Section 3 indicated the significant impact of pillar recovery
induced disturbance on the stability of neighbouring pillar workings. However, it assumed the
disturbance to be a plane wave loading on a pre-stressed pillar, without considering the wave
propagation from the removed pillar to remnant pillar workings. In addition, damping was not
accounted for in the theoretical formulation.

In this section, the whole process including unloading wave emanation from pillar recovery, wave
propagation in rock masses, and loading on remnant pillar workings, was numerically modelled. To
limit this investigation to a controllable scope, a two-dimensional mining layout with five pillars of
regular geometries were assumed. The discrete element method (DEM) based code PFC2D, was

employed so as to explicitly model the dynamic rock failure.

13
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4.1 Model setup and calibration of particle parameters

PFC2D uses bonded contacts to model rock behaviour, and macroscopic properties of rock masses are
determined by calibrated modelling properties of particles and contacts (Itasca 2008). The parallel-
bond model is suitable to model brittle rock materials in that the parallel-bond establishes an elastic
interaction between particles, transmitting both force and moment. This model features two sets of
parameters, one set to control macroscopic deformation behaviour and the other to account for
macroscopic strength characteristics.

Calibration of the numerical model is needed to obtain appropriate modelling properties of particles
and contacts corresponding to macroscopic properties by matching numerical modelling results with
experimental ones (Potyondy and Cundall 2004).

In this work, a hard rock pillar measuring 5 m x 5 m in Kaiyang Phosphate Mine were used in a
numerical uniaxial compression test for calibrating macroscopic rock behaviour against the empirical
one. According to engineering geological survey reports and laboratory rock mechanical tests (Yao et
al. 2012), the empirical compressive strength of the pillar is approximately 56 MPa and the elastic
module is about 10 GPa. The obtained calibrated modelling parameters of particles and contacts are
presented in Table 1.

A stratum model with dimensions of 101 m x 35 m (width x height) was constructed to represent a
hard rock mining goaf area in Kaiyang Phosphate Mine (Fig. 6a). The explosive repulsion method
(Itasca 2008) was adopted to generate the compacted assembly with a linear contact model. Particles
with less than three contacts were deleted using a floater-elimination scheme embedded via a FISH
function, and then the linear contact model was replaced by the parallel-bond model.

In order to model the successive collapses of pillar workings induced by sudden pillar recovery, the
constructed model should have a pillar to be removed, a pillar immediately adjacent and another not
immediately adjacent to the pillar to be removed. Unlike in the frame of continuum-based numerical
modelling, the geomechanical response of rock masses (stress, displacement and failure behaviour) of
a symmetrical model, obtained from the discrete element-based numerical approach, is not necessarily

symmetrical, so it would be necessary to model the behaviour of adjacent pillars on each side of the
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pillar to be removed. In view of the computational efficiency achieved, it was found that a model
consisting of five pillars, one central pillar to be removed and two adjacent pillars on each side, was
adequate to demonstrate the dynamic process induced by sudden pillar recovery without a loss of
generality. To this end, six 6 m x 5 m (width x height) rooms with a spacing of 5 m were extracted,
leaving five pillars to support the overburden load. The mining area was underlain and overlain by
two hard rock layers of 15 m in height, respectively. Considering that stress states at a distance of 3
times of excavation sizes away from the mined-out area are unaffected by the excavation, the model is
sufficiently large to minimise far-field boundary effects.

On the basis of two in situ measurements in the mine, the vertical stress and the maximum horizontal
principal stress at 400 m depth are ov = 15 MPa and oumax = 14 MPa, respectively (Li et al. 2010; Yao
et al. 2012). In order to represent the most vulnerable conditions of pillar workings, the vertical and
the maximum horizontal principal stress (ov and onmax) Were used as vertical and horizontal normal
boundary stresses (ay and o), whilst no shear stress was applied on model boundaries. The application
of boundary stresses will be described in the modelling procedure section.

In order to monitor geomechanical response to pillar recovery, a total of four stress measurement
circles were set up on remnant pillar workings and surrounding rock, and four velocity monitoring
points on the room roof, as shown in Fig. 6b. In view of the axial symmetry of the model and the
central pillar to be extracted, measurement circles and points were only arranged on the right half of
the model. The pillar closest to the central pillar on the right side is called #1 pillar, and the second
closest is called #2 pillar. The initial average vertical pillar load in the model was 33 MPa, yielding a
safety factor of 1.70. The natural vibration period of pillars in the model was around 60 ms as

measured from free vibration of pillars subjected to instantaneous dynamic excitation.

4.2 Modelling procedure

Static and dynamic analyses of pillar recovery were carried out respectively, depending on whether
the dynamic process was considered. As the first step to investigate the stress concentration in
remnant pillars in the vicinity of the pillar recovery region, static analysis of the goaf model is

reasonable. The modelling procedure for the static analysis consists of the following steps: (1) the
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central pillar was extracted via the DELETE command. (2) A servo-control loading algorithm
implemented via a FISH function was invoked to apply in situ stresses to each boundary until the
model equilibrated.
For comparison, the stress distribution on pillars and surrounding rock was also evaluated under in
situ stresses in the goaf model without pillar recovery.
For the dynamic analysis, the modelling sequences as elaborated for the static analysis were reversed,
which means that in situ stresses were first applied to model boundaries, followed by the central pillar
extraction. Then the model was run until the goaf model became stable or broken. To account for the
influence of pillar recovery time on neighbouring pillar workings and surrounding strata, the model
was run repetitively for pillar recovery time 0, 10 ms, 30 ms, 50 ms and 100 ms, respectively. The
scenario with pillar recovery time 0 is equivalent to the instantaneous pillar recovery.
While instantaneous pillar recovery was realised by removing all particles comprising the pillar via
the DELETE command, dynamic pillar recovery in a certain duration was realised by means of the
excavation relaxation method (Cai 2008). To be specific, particles representing the central pillar were
first removed, and layers of particles on the newly formed roof and floor were identified to apply a set
of forces equivalent to the internal forces of the deleted particles. The unloading of pillar stress can be
controlled in such a manner that these forces were reduced in accordance with a specific path. For the
sake of comparison to the theoretical formulation, a linear unloading path was adopted in this
simulation. A flowchart of the modelling procedure for both quasi-static and dynamic pillar recovery
is shown in Fig. 7.
According to the manual of PFC2D (Itasca 2008), the damping coefficient « is given by:

a=rD (20)
where D is the fraction of critical damping. When the dynamic analysis was conducted, low numerical
damping was specified in the model to simulate realistic levels of attenuation in rock mass. In this
study, the local damping coefficient is set to 5% of critical damping. In addition, a 1 m thick particle

layer with high viscous damping (« = 0.5) was assigned on each boundary, so as to prevent seismic
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waves from being reflected by model boundaries. The timestep for dynamic analysis was

automatically determined based on the particle mass and the sum of stiffnesses acting on the particle.

5. Modelling results

5.1 Static analysis of the stability of pillar workings

Fig. 8 shows the vertical stress states for pillars and surrounding rock before and after the central
pillar recovery in static analysis. It can be observed that pillars closer to the removed pillar tend to
carry more overburden during the load redistribution process. After the central pillar recovery, there
are stress increases of 6.6 MPa and 1.8 MPa in #1 and #2 pillars respectively, but barely no stress
increases in rock masses within #3 and #4 measurement circles, which means that only the stress
concentration in pillars is aggravated. The safety factor for the most stressed #1 pillar is reduced to
1.12, and the vertical load on the #1 pillar can be as much as 2.8 times of that on rock masses within
the #4 measurement circle.

As illustrated in Fig. 9, the bearing capability of all remnant pillars remains unaffected, with only a
few tensile cracks forming on the nearest two pillars on sides close to the removed pillar. Fig. 10
presents the vertical displacement contour after pillar recovery. As no pillar collapses after the central
pillar recovery, the displacement contour is symmetrical, and the induced floor heave and roof
subsidence primarily fall between the two pillars most adjacent to the central one. The maximum
displacement is around 30 mm, which occurs on the newly formed roof and floor during the pillar
recovery process. This suggests that the influenced regions of pillar recovery are quite limited in the

static analysis.
5.2 Dynamic analysis of the stability of pillar workings

5.2.1 Instantaneous pillar recovery

Characterised by the shortest extraction time, the instantaneous pillar recovery process can cause the

most remarkable dynamic excitation and most severe destruction in surrounding rock strata. In this
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section, only dynamic behaviour of surrounding rock and pillars in response to instantaneous pillar
recovery is presented, and the influence of pillar recovery time will be shown in Section 5.2.2.

Fig. 11 illustrates the propagation of stress wave arising from the central pillar. In the figure, all
referred times are elapsed times after the central pillar is extracted. It can be seen that the stress wave
front reaches the nearest two pillars in 5 ms, and reaches the other two in 10 ms. However, it is noted
that the wave front is of low velocity, and that the nearest pillars would not achieve the maximum
velocity until 10 ms. In addition, the maximum induced vibration velocity attenuates rapidly during
propagation. For example, the maximum recorded velocity at 10 ms reduces to as less as one fifth that
at 1 ms.

The vertical vibrations recorded at different velocity monitoring points are presented in Fig. 12. Since
the point a locates on the newly formed roof, the vibration at the point a initiates almost at the same
time of the instantaneous pillar recovery and peaks at 4.29 m/s. From 0.9 ms after the pillar recovery,
vibration arises at points b, ¢ and d chronologically, with a time lag of around 5 ms. The maximum
velocity recorded at these points are 1.85, 0.79 and 0.26 m/s respectively, which also indicates the
quick attenuation of stress wave with travelling distance.

Fig. 13 presents the variation of vertical stresses acting on remnant pillars and surrounding stratum
after the central pillar recovery. The stress on the #1 pillar increases from 33.2 MPa to the pillar
strength 56 MPa at around 30 ms, and then gradually decreases to a residual value (less than 5 MPa),
which means it cannot carry much overburden any more. Except for the dynamic pillar recovery
induced disturbance, transferred vertical loads from the collapsed pillars are detrimental to the
stability of remnant pillars. After the collapse of the #1 pillar, stress applied on the #2 pillar quickly
increases to the pillar strength and crushes the pillar. This is followed by marked increases in stresses
on rock masses in #3 and #4 stress measurement circles, and the failure of rock masses in the #3
measurement circle. The final vertical stress on rock masses in the #4 measurement circle reaches
about 80 MPa. In this way, the instantaneous extraction of a single pillar may trigger the domino
instability characterised by a chain reaction of pillar collapses, leading to severe hazards over large
underground stope areas. In addition, triggered pillar collapses can in turn induce disturbance in
surrounding rock masses. For example, vibrations at monitoring points b and c begin to increase due
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to rock failure at around 60 ms, and the velocity at the monitoring point b can reach up to 1 m/s at 100
ms, as observed in Fig. 12.

Fig. 14 illustrates the crack propagation over time after the central pillar is suddenly removed. Both
tensile and shear cracks form in adjacent pillars subjected to the instantaneous pillar recovery.
Induced pillar collapses take place in succession, from pillars nearest to the central pillar to farther
ones. For all pillars under the dynamic disturbance, cracks first emerge at corners between pillars and
roof or floor on sides close to the removed pillar, and then grow gradually. When the pillar is
approaching its supporting capacity, cracks propagate rapidly and finally coalesce into distinct X-type
macroscopic failure. For example, only a few cracks occur in the two pillars closest to the central
pillar at the beginning, and the crack number increases tremendously after 25 ms. After all pillars
collapse, overburden previously carried by those pillars is transferred to surrounding rock and result in
severe damage. In addition, macroscopic shear cracks initiate from both the newly formed roof and
floor and propagate in the vertical direction at 225 ms, indicating the instability of the goaf model. It
is noted in the figure that crack distribution does not remain symmetrical in shape. This is because
granules of rock masses are represented by bonded circular disks, and the random particle packing
geometry introduces intrinsic heterogeneity in crack initiation and propagation. New cracks tend to
occur and grow in the vicinity of old ones where stress concentrates, and crack localisation is thus
exacerbated.

The displacement contours at time steps corresponding to those in Fig. 14 are plotted in Fig. 15.
Different from results of continuum-based software, the displacement contours extracted from PFC2D
are not symmetrical. This is because a relatively large displacement is caused by the bond breakage
between two rock granules, and localised crack concentration would result in asymmetrical
displacement distribution. At 25 ms, the maximum displacement reaches 30 mm, and the zone of
influence is limited between the two pillars nearest to the central one, which is quite similar to that in
the static analysis. The zone of influence expands as pillars collapse progressively, finally spanning
the whole pillar region. The largest displacement can reach up to 500 mm at 225 ms, more than 16

times that obtained from the static analysis.
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5.2.2 Influence of extraction time on dynamic pillar response

Fig. 16 plots the dynamic mechanical state of the #1 pillar during the pillar recovery process for
different extraction time. With a natural vibration period of around 60 ms, the extraction durations
correspond to 0, 0.17T, 0.5T, 0.83T and 1.67T, respectively. Remarkable dynamic disturbance can be
observed for scenarios with extraction time 0, 10 ms and 30 ms. In these three scenarios, the #1 pillar
is crushed after the vertical load exceeds the pillar strength, and a residual stress far lower than the
initial vertical stress is reached, indicating the loss of the bearing capacity. The dynamic pre-peak
stress variation in the scenario with extraction time 10 ms is quite close to that of the instantaneous
pillar recovery. For extraction durations 50 ms and 100 ms, the dynamic pillar response to the
disturbance is almost negligible, and the pillar load stabilises at about 50 MPa after pillar recovery. It
is noted that stress variations in these two scenarios compare favourably with variations of R in Fig. 5.
Fig. 17 presents the crack distribution at 225 ms for different recovery durations of the central pillar.
For scenarios with extraction durations 10 ms and 30 ms, the disturbance caused by the central pillar
recovery triggers relatively violent pillar collapses and overall instability of the goaf model. Tensile
cracks are more likely to be induced, and X-type macroscopic failure pattern could be observed in
collapsed pillars, which is quite similar to the scenario of instantaneous pillar recovery. In contrast, no
neighbouring pillars are crushed for scenarios with extraction durations 50 ms and 100 ms, and only a
few cracks take place on incident sides of the dynamic disturbance. Results of stress variation and
crack distribution show that the pillar recovery time is a significant factor influencing the induced

dynamic behaviour of pillars.

6. Discussion

The present theoretical analysis verified that sudden loading on a pre-stressed pillar can generate
remarkable dynamic excitation. The entire process of dynamic pillar recovery, wave propagation and
loading on neighbouring pillars was then modelled, and results suggested that the dynamic pillar
recovery induced disturbance has a significant influence on the stability of neighbouring pillars.

While only small displacements occur in a limited region in the vicinity of the removed pillar in the
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static analysis, the domino instability of neighbouring pillar workings will take place in response to
dynamic pillar recovery.

The influencing factors of the behaviour of neighbouring pillar workings can be classified into three
categories: pillar strength, static stress levels, and dynamic stress levels. Static stress levels mainly
depend on initial stress states and mining layouts (pillar width, pillar spacing and W/H ratios, etc)
(Wang et al. 2016). Dynamic stress levels are associated with the pillar recovery process characterised
by extraction duration, and seismic wave attenuation which is in turn related to pillar spacing and rock
mass properties, etc. It is worth noting that the impact of the distance from the removed pillar is two-
fold. In terms of static stress distribution, a short distance between residual pillars and the removed
one is preferable for the sake of supporting overburden and increasing safety factors. On the other
hand, strong dynamic disturbance can be caused in surrounding pillars by extraction of a pillar located
in close vicinity. However, the seismic wave rapidly attenuates with travelling distance, and the
induced dynamic effect could thus be minimal when residual pillar workings are far from the removed
one, as per Fig. 11 and Fig. 12.

From theoretical and numerical analyses, it was recognised that if pillars are extracted in a quasi-static
manner, no excitation would be induced in surrounding strata, and a neighbouring pillar remains

stable as long as the sum of the initial load ¢ and final transferred load Ao, is less than the pillar

strength (Fig. 18a & b). However, given the initial load and pillar strength, the failure state and stress
state of a pillar in response to sudden pillar recovery depend on the incident dynamic excitation. Fig.
18 illustrates time-varying vertical pillar loads after sudden extraction of a neighbouring pillar for two
cases, in first of which the pillar collapses, but not in the latter one. Once the total pillar vertical load
exceeds the critical stress (Eqn. 19), the pillar is crushed, and the vertical stress drops to a residual
stress far lower than the initial stress, suggesting that the load undertaken by this pillar is mostly
added to the transferred load (Fig. 18a); otherwise the pillar oscillates at the natural frequency of rock
masses, and the pillar vertical load eventually converges to the final stress state, same as that reached

in the quasi-static extraction scenario (Fig. 18b).
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It is noted that the time of pillar collapse caused by dynamic disturbance is not concurrent with that
when the maximum pillar vibration velocity is reached. For example, the maximum vibration velocity
of the #1 pillar is achieved at 10-15 ms (as estimated from Fig. 11 and Fig. 12), and the pillar is
crushed at around 30 ms (as shown in Fig. 13). This is because the maximum velocity is always

achieved at the equilibrium position of the pillar (with deformation Ao, in Fig. 3), while the
maximum stress is reached when the pillar is further compressed (with deformation greater than Ao,

in Fig. 3). The failure state of pillars is evaluated based on the vertical pillar load rather than the pillar

vibration velocity.

7. Conclusions

The stability of pillar workings is of significant importance in mining exploitation. In the present
study, a mechanistic model was developed in order to evaluate the load acting on a pillar adjacent to a
dynamically removed pillar on the basis of the pressure arch theory (PAT) based method and
structural dynamics. In the model, pillars are assumed to be linearly elastic before failure occurs. For
any pillar in the vicinity of the removed one, it is under combined effects of the initial static vertical
load and the pillar recovery induced dynamic stress. The induced disturbance to a pillar can be
characterised by the dynamic amplification coefficient R, the ratio of the increased vertical pillar load
to the transferred load. The calculation results showed that Rmax is associated with the extraction time
and the natural vibration period of rock mass. In practice pillar recovery using the blast method, the
extraction time is one to two orders of magnitude lower than the natural vibration period of rock mass,
and Rmax can exceed 1.5 or even approach 2.

The stability of neighbouring pillar workings subjected to dynamic extraction of the central pillar in a
two-dimensional five-pillar system was then simulated in both static and dynamic modes using
PFC2D. The influence of pillar recovery time on the stability of adjacent pillars were also investigated.
The dynamic response of neighbouring pillar workings obtained in simulation was in good agreement
with those calculated using the mechanistic model, and both results indicated that the dynamic pillar

disturbance can be reduced by increasing the pillar recovery time. In addition, it was found that pillars
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adjacent to the removed pillar remain stable in the static analysis, whilst the goaf model is unstable
subjected to dynamic pillar recovery in the dynamic analysis. These results indicated that the
maximum load carried by pillar workings would be largely underestimated if the dynamic effect
resulting from pillar recovery is ignored in the design of pillar workings. Pillar workings designed to
small safety factors can be considered as stable according to conventional methods, while in fact
domino pillar instability can be triggered in the event of dynamic disturbance. For the sake of mining
safety, it is recommended to account for the dynamic pillar recovery induced disturbance in the design

of the pillar recovery method.
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Table Captions

Table 1 Calibrated parameters of particles and contacts used in the PFC2D model

Figure Captions

Fig. 1. Schematic of instantaneous pillar recovery and induced dynamic response of adjacent pillar
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12.

13.

14.

15.

16.

workings: (a) before pillar recovery, and (b) after pillar recovery.

. Pillar geometry and the zone of influence used in the PAT-based method.

. Dynamic response of a pre-stressed pillar subjected to a suddenly applied loading.

. Loading history of a transferred pillar load.

. Dynamic amplification coefficients of a pillar for different extraction time (n = t0/T).

. Model geometry and measurement setup: (a) goaf model geometry with five pillars, and (b)

setup of stress measurement circles and velocity monitoring points in the right half of the

model.

. Flowchart for numerical simulation of pillar recovery.
. Vertical loads for neighbouring pillars before and after central pillar recovery in static analysis.

. Crack distribution on neighbouring pillars after central pillar recovery in static analysis.

Vertical displacement contour after central pillar recovery in static analysis.

Velocity contour after instantaneous pillar recovery.

Vertical velocity-time history of monitoring points.

Vertical loads on pillars and surrounding rock over time after instantaneous pillar recovery.
Crack distribution on pillars and surrounding rock after instantaneous pillar recovery.
Vertical displacement contours after instantaneous pillar recovery.

Vertical load on the #1 pillar over time after dynamic pillar recovery.

17. Crack distribution on pillars and surrounding rock at 225 ms for different recovery durations

18

of central pillar.
. Schematic of rock failure criterion considering combined static and dynamic loads: (a) stress

variation over time if failure occurs; and (b) stress variation over time if failure does not occur.
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687

Table 1 Calibrated parameters of particles and contacts parameters used in the PFC2D model

Particle basic parameters Parallel bond parameters
Particle density p (kg/m°) 3220 Mean normal strength &(MPa) 77
Minimum radii t;, (M) 4.5x102 Mean shear strength 7 (MPa) 385
Ball size ratio T, / s 15 Elasticity modulus E.(GPa) 10
Particle contact module E,(GPa) 10 Stiffness ratio k, / k; 4
Stiffness ratio K, /K, 4
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Fig. 1. Schematic of instantaneous pillar recovery and induced dynamic response of adjacent pillar

workings: (a) before pillar recovery, and (b) after pillar recovery.
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Fig. 3. Dynamic response of a pre-stressed pillar subjected to a suddenly applied loading.
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Fig. 6. Model geometry and measurement setup: (a) goaf model geometry with five pillars, and (b)
setup of stress measurement circles and velocity monitoring points in the right half of the

model.

| Build a stratum model |

!

| Extract rooms |

!

Set up velocity monitoring
points and stress
measurement circles

Dynamic pillar
recovery?

| Delete the central pillar| | Apply boundary stress |

No Yes

| Apply boundary stress | | Delete the central pillar|
[
)

Compute until the goaf
model is stable or broken

Fig. 7. Flowchart for numerical simulation of pillar recovery.
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Fig. 9. Crack distribution on neighbouring pillars after central pillar recovery in static analysis.
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Fig. 10. Vertical displacement contour after central pillar recovery in static analysis.
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Fig. 13. Vertical loads on pillars and surrounding rock over time after instantaneous pillar recovery.
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Fig. 14. Crack distribution on pillars and surrounding rock after instantaneous pillar recovery.
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Fig. 15. Vertical displacement contours after instantaneous pillar recovery.
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Fig. 16. Vertical load on the #1 pillar over time after dynamic pillar recovery.
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Fig. 17. Crack distribution on pillars and surrounding rock at 225 ms for different recovery durations

of central pillar.
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