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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.
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Abstract: When residual pillars are extracted in a short time in room and pillar mining, the load 10 

transferred from the removed pillar acts on neighbouring pillar workings in a dynamic manner. This 11 

study aims to investigate the instability of large mined-out areas triggered by dynamic disturbance 12 

resulting from residual pillar recovery. A mechanical model combining the pressure arch theory (PAT) 13 

based method and structural dynamics was first established to assess the stress state and deformation 14 

of a pillar subjected to combined effects of static and dynamic loads. The process of residual pillar 15 

recovery and potential induced instability of neighbouring pillar workings in a five-pillar system was 16 

further numerically simulated in both static and dynamic modes, and the response of adjacent pillars 17 

was investigated. It was found that the induced disturbance to a pillar can be characterised by the 18 

dynamic amplification coefficient R, the ratio of the increased vertical pillar load to the transferred 19 

load. Rmax can exceed 1.5 or even approach 2 in practical pillar recovery using the blasting method. 20 

Modelling results showed that while pillar workings adjacent to a removed pillar remain stable in 21 

static analysis, violent and large-scale pillar collapses can be triggered in the event of quick pillar 22 

recovery of blasting method. Results indicated that when the dynamic effect of pillar recovery is not 23 

considered, the load undertaken by adjacent pillar workings would be largely underestimated. To 24 

ensure mining safety, the induced dynamic effect should be accounted for in the design of the pillar 25 

recovery method. 26 

Keywords: unloading process; dynamic disturbance; rock failure; initial stress; pillar instability 27 

List of symbols: 28 

DEM Discrete element method 29 

PAT Pressure arch theory 30 

D Fraction of critical damping 31 

E Elastic modulus of a pillar 32 

EA Excavated area 33 

e Extraction ratio 34 

g Gravitational acceleration 35 

H Depth of pillars 36 

K Elastic stiffness of a pillar 37 
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LTD Load transfer distance 38 

m Mass of a pillar 39 

R Dynamic amplification coefficient 40 

r Pillar radius 41 

T Natural vibration period of a pillar 42 

t0 Load transfer duration 43 

U Total released energy in extraction 44 

Ud External energy from the dynamic disturbance 45 

Uf Energy needed to be consumed in fracturing rock masses  46 

Us Strain energy stored in the rock mass to be extracted 47 

we Effective width for non-square pillars 48 

ys Pillar deformation increment 49 

ZI Area of zone of influence 50 

 Damping coefficient 51 

 Rock density 52 

σcri Critical stress 53 

σd Dynamic vertical pillar load 54 

∆σd Dynamic transferred vertical pillar load 55 

σHmax The maximum horizontal principal stress 56 

σs Static (final) vertical pillar load 57 

∆σs Static (final) transferred vertical pillar load 58 

σV Vertical stress 59 

σv Vertical pillar load 60 

max

v  The maximum vertical pillar load 61 

 Natural vibration frequency of a pillar 62 
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1. Introduction 64 

A flatly dipping orebody is usually mined by the room and pillar method. A grid of rooms are 65 

extracted on a horizontal plane, leaving large mined-out areas in deep underground. According to 66 

statistical data, a total of 1.28 billion square meters of mined-out areas were left in metal and non-67 

metal mines in China by the end of 2015. In these areas, pillar workings act as supporting structures to 68 

support huge overburden (Zhou et al. 2018b). For the sake of increasing mine life and total return on 69 

investment, parts of residual pillars are extracted after room extraction, and vertical loads are 70 

redistributed and applied on adjacent pillar workings. Under higher stress levels, it may trigger the 71 

instability of neighbouring pillar workings, or even give rise to catastrophic progressive pillar 72 

collapses in large mined-out areas. 73 

The calculation of vertical pillar load before and after extraction and the stability evaluation of mined-74 

out areas attract intensive research efforts (Chen et al. 2017; Xiao et al. 2017; Zhang et al. 2017). The 75 

tributary area method has been widely used for estimating average axial stress states in coal pillars 76 

(Brady and Brown 2013). The fundamental assumption of this method is that each pillar carries the 77 

full load of the overlying strata, and half of that of surrounding roadways. Abel (1988) used the 78 

parabolic load transfer arch for estimation of loads undertaken by yield and barrier pillars in soft rock. 79 

The pressure arch theory (PAT) based method proposed by Poulsen (2010) could account for both 80 

pillar geometry and the spatial position within the panel, and was successfully applied for risk 81 

assessment of a decommissioned colliery in Australia (Poulsen and Shen 2013). When pillars are of 82 

approximately regular shapes and can be treated as linearly elastic media, reliable estimation of 83 

vertical pillar stresses can be obtained in three dimensional numerical simulation (Brady and Brown 84 

2013). Lunder and Pakalnis (1997) proposed an estimation method for hard rock pillar strength by 85 

integrating the tributary area method and boundary element analysis, so as to reconcile empirical 86 

expressions of pillar stress with more rigorous analysis. 87 

As pillars are usually extracted in a very short time, the transferred load would act on neighbouring 88 

pillars in a dynamic manner, introducing distinct excitation to adjacent pillars and surrounding strata. 89 

However, previous research work only accounted for the final transferred load based on the extraction 90 
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ratio change after pillar recovery, and little effort went into investigation of the dynamic load transfer 91 

process and the accompanying induced disturbance. The risk assessment of mined-out areas is based 92 

on the estimation of pillar loads and load transfer after extraction, and the goaf stability can thus be 93 

overestimated. In this regard, the dynamic pillar recovery induced disturbance and possibly triggered 94 

instability of mined-out areas should be investigated. 95 

Actually, dynamic disturbance resulting from caving, blasting, and extraction, etc. is quite common in 96 

deep underground (Kaiser et al. 1996; Kaiser and Cai 2012; Cao et al. 2018; Li et al. 2018; Zhao et al. 97 

2018). It was reported that underground coal pillar recovery accompanied with caving of overlying 98 

strata could cause dynamic loading over neighbouring pillars (Singh et al. 2011a, b). The dynamic 99 

disturbance can be remarkable when underground coal pillars lie under strong and massive roof strata. 100 

Previous studies also revealed that dynamic response of surrounding rock can be induced by the 101 

excavation unloading of underground openings (Lu et al. 2012; Li et al. 2014). The induced peak 102 

particle velocity (PPV) in surrounding rock increases with increasing unloading rates (Cao et al. 2016).  103 

Excavation induced dynamic disturbance has a detrimental effect on the stability of underground 104 

openings and structures (Kaiser et al. 1996; Tao et al. 2013; Yang et al. 2013). For example, the 105 

instantaneous tunnel excavation in high initial stress states can lead to the dynamic stress 106 

concentration around adjacent tunnels, and even damage and failure on the incident side of the tunnel 107 

(Li et al. 2016). Dynamic disturbance from blast loading, like rheological loads and water, can cause 108 

deterioration in mechanical properties of rock masses, and thus reduce the stability of goaf (Chao et al. 109 

2015; Zhou et al. 2018a). For mined-out areas left by the room and pillar method, the induced 110 

dynamic disturbance is also a significant cause to its instability. Understanding the mechanism and 111 

associated consequences of dynamic disturbance is necessary to prevent these hazards. The Canadian 112 

Rockburst Support Handbook (Kaiser et al. 1996) summarised a number of case studies of 113 

seismically-induced rockbursts, and suggested that rock support in burst-prone ground needs to resist 114 

dynamic loads and large rock dilation due to violent rock failure. Wang et al. (2013) simulated the 115 

dynamic mechanical state evolution of a coal pillar during longwall mining using FLAC3D, and 116 

found that the vertical pillar stress could be used as a precursor to coal bump occurrences. Wang et al. 117 

(2016) simulated the dynamic response of a coal pillar under seismic disturbance caused by roof 118 
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caving, and found the pillar width-to-height (W/H) ratio to be an important factor influencing the 119 

response. Dynamic behaviour of pillars in response to disturbance is negligible at large W/H ratios 120 

(greater than 4), but can be quite apparent at small ones (lower than 2).  121 

This research focuses on the dynamic disturbance resulting from pillar recovery and the induced 122 

instability of adjacent pillar workings. In Section 2, the dynamic response of pillar workings to pillar 123 

recovery is simplified to a problem of one-dimensional loading on a pre-stressed pillar. In Section 3, a 124 

mechanistic model is developed to evaluate the stress state and deformation of pillar workings 125 

adjacent to a removed pillar, in which the maximum vertical pillar load is calculated based on the 126 

pressure arch theory and structural dynamics. In Section 4, numerical simulation using the discrete 127 

element code PFC2D is carried out to model the response of a five-pillar system subjected to the 128 

central pillar recovery in both static and dynamic modes. The influence of pillar recovery time on the 129 

stability of pillar workings is further discussed.  130 

2. Dynamic stress disturbance induced by pillar recovery 131 

In inclined orebodies, some room-and-pillar type pillars are designed to be oriented perpendicular to 132 

the footwall and hanging wall, and thus are subjected to compressive and shear stresses (Suorineni et 133 

al. 2011, 2014). Far field major principal stress inclination of 15° or more relative to orebodies is 134 

significant to cause weakening in pillars workings. In this work, only vertically designed pillar 135 

workings dominated by compressive stress are considered, so as to minimise the impacts of shear 136 

loading on the behaviour of pillars. 137 

It is widely accepted that pillar workings adjacent to a removed pillar are prone to be damaged or 138 

even crushed by load transferred from the removed pillar. However, in the perspective of dynamics, 139 

the response of neighbouring pillars is caused by unloading disturbance emanating from the removed 140 

pillar. Specifically, loads acting on the top and bottom of an excavated pillar can be replaced by 141 

statically equivalent stresses. Instantaneous pillar recovery means sudden unloading of the equivalent 142 

stresses, initiating a dynamic unloading wave travelling away from the removed pillar. All rock 143 

particles subjected to this wave tend to move towards the opposite direction of wave propagation. 144 
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When the wave reaches adjacent pillar workings, the exerted force acts on both the top and bottom of 145 

pillars in the loading direction. Adjacent pillar workings, therefore, are subjected to the combined 146 

effects of the initial vertical stress (Fig. 1a), and the dynamic disturbance from rock masses (Fig. 1b). 147 

The dynamic stress acting on adjacent pillars oscillates in a short time, and eventually converges to a 148 

fixed value equal to the redistributed overburden. 149 

With a large pillar spacing, the effect of incident wave’s curvature is marginal, and the wave can be 150 

roughly treated as an elastic plane wave for adjacent pillars (Pao and Mow 1973). In this respect, the 151 

dynamic response of pillar workings induced by pillar recovery can be simplified to a problem of one-152 

dimensional loading on a pre-stressed pillar. The dynamic behaviour of adjacent pillar workings is 153 

closely related to the stress level, pillar spacing and extraction time, etc.  154 

3. Induced dynamic stress concentration and instability of pillar workings 155 

As introduced in Section 2, the induced dynamic response of vertical pillars is primarily associated 156 

with the initial vertical stress, the transferred load, and the compressive strength of pillars. In this 157 

section, the pillars are assumed to be linearly elastic before failure and of regular shape. The initial 158 

and transferred vertical pillar loads will be first calculated, on the basis of which the dynamic pillar 159 

behaviour and pillar collapse in response to neighbouring pillar recovery will be assessed. 160 

3.1 Calculation of initial vertical pillar loads 161 

The determination of the vertical stress acting on a pillar before and after adjacent pillar recovery is 162 

important for practical pillar design purposes. Given a specific panel geometry and a required safety 163 

factor, a knowledge of the vertical pillar load is conducive to the determination of pillar layouts and 164 

the optimisation of extraction. 165 

Practical methods in estimation of vertical pillar loads have been a focus of research for many years. 166 

The tributary area method can be used to estimate the average pillar load for a reasonably uniform 167 

pattern of pillars by assuming that each pillar bears a proportionate share of the total overburden load 168 

(Brady and Brown 2013). After mining exploitation, the vertical load σv on any remnant pillar is 169 

related to the initial overburden loading ρgH and the near field extraction ratio e. But this method does 170 
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not account for interactions between adjacent pillars and between pillars and surrounding strata, 171 

possibly leading to a significant overestimation of vertical pillar loads (Roberts et al. 2002). 172 

Numerical modelling can be a tool to assess the stability of irregular pillars with local variations of the 173 

extraction ratio. On the basis of numerical results using a finite difference code, a quadratic fitting 174 

function of the relative extraction ratio was applied to estimate the average vertical pillar load 175 

(Hauquin et al. 2016). However, since the quadratic function is derived by simulating a variety of 176 

random panel layouts, it may not be applicable in analysing a specific pillar geometry. Poulsen (2010) 177 

developed a PAT-based method to calculate the average vertical stress acting on pillars of irregular 178 

geometries. Considering that pillars interact with adjacent pillars and surrounding strata within a 179 

lateral zone of influence, extraction ratios averaged over several pillars rather than the local extraction 180 

ratio for a single pillar are used in calculation. In this work, the PAT-based method was used to 181 

estimate initial vertical pillar loads and transferred loads after pillar recovery.  182 

The load transfer distance (LTD) first introduced in the work of Abel (1988) represents the maximum 183 

distance that load can be transferred. Based on in situ measurements of 55 pillars within sedimentary 184 

deposits, the fitting quadratic function between the pillar depth H and the LTD is written as: 185 

 4 21 10 0.2701   LTD H H  (1) 186 

In the PAT-based method, the zone of influence (ZI) can be considered to be a circular area centred at 187 

the pillar with radius r, as illustrated in Fig. 2. Both r and ZI are associated with the LTD, and can be 188 

computed respectively by (Poulsen 2010): 189 

 =2 + 2er LTD w  (2) 190 

 
2= 2 + 2)( eZI LTD w  (3) 191 

where we is the effective width for non-square pillars, which is 4 times the ratio of pillar area to pillar 192 

circumference. 193 

The vertical pillar load  v  can be written as (Poulsen and Shen 2013): 194 

 
1


 


v

gH

e
 (4) 195 

where e is the extraction ratio in the ZI of the pillar, and is given by: 196 
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 
EA

e
ZI

 (5) 197 

where EA denotes the excavated area in the ZI, as illustrated in Fig. 2. 198 

3.2 Calculation of transferred vertical pillar loads 199 

After pillar recovery, the load previously carried by the removed pillar will be redistributed and act on 200 

neighbouring pillars or surrounding rock. For any pillar that remains unbroken, Eqn. (4) can be used 201 

to estimate the vertical pillar stresses 0 v  and 1 v  before and after adjacent pillar recovery. If the 202 

removed pillar locates within the ZI of any pillar, the vertical load on that pillar would increase with 203 

the increase in its EA after pillar recovery. The increment in the vertical pillar load, termed as the 204 

transferred load, can be given by: 205 

 
1 0=s v v     (6) 206 

For any pillar to support the transferred load,  s  depends on the percentage of the area of the 207 

removed pillar to that of the ZI. However, the transferred load acts on adjacent pillars in a dynamic 208 

manner, and can thus be much larger in practical mining activities. In this regard, it is pertinent to 209 

compute the maximum induced vertical load and evaluate the pillar stability in a dynamics viewpoint, 210 

which will be described in Section 3.3 and 3.4 respectively. 211 

3.3 Calculation of the induced dynamic stress 212 

Fig. 3 illustrates the dynamic response of a pre-stressed pillar subjected to a suddenly applied load. 213 

The pillar is initially under compressional stress 0 v . When a transferred load is applied, the stress 214 

equilibrium is disturbed, and the pillar compression undergoes an acceleration stage until the vertical 215 

load reaches 1 v . At that moment, the vertical pillar stress is equal to the external load, indicating that 216 

it would be the equilibrium position for the pillar. Then the speed of pillar compression declines until 217 

reaching the maximum compressional position. The pillar would oscillate around and finally converge 218 

to the equilibrium position.  219 

The induced disturbance to a pillar can be characterised by the dynamic amplification coefficient R, 220 

defined as the ratio of the dynamic increased vertical pillar load to the final transferred load. The 221 
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maximum dynamic amplification coefficient Rmax is achieved at the maximum compression position. 222 

The maximum vertical pillar load max v  can be expressed in terms of Rmax: 223 

 
max 0 0

max= + +      v d v s vR  (7) 224 

When a pillar is extracted using the blasting method, the support to the goaf roof is released in a very 225 

short time, and the overburden load is transferred to adjacent pillars. It is assumed that the load 226 

transfer duration is t0. For any single neighbouring pillar, the time-dependent transferred load is 227 

considered to act as a single ramp loading followed by constant loading, as illustrated in Fig. 4. The 228 

loading history can be mathematically expressed as: 229 

 
0

0

0

    
( )

        

s

s

t
t t

tt

t t







 

 
 

 (8) 230 

The pillar response to dynamic loads can be analysed by means of structural dynamics. Consider a 231 

dynamic impulse σ(τ) acting on a static linearly elastic undamped system over time interval dτ at time 232 

τ, the resultant pillar response to the impulse at time t is: 233 

 
( ) 2

( ) sin ( ), 
   

 


  
d

y t t t
m T

 (9) 234 

in which m and T are the mass and natural vibration period of the pillar, respectively. The mass and 235 

natural vibration period can be correlated by the elastic stiffness K of the pillar: 236 

 =2T m K  (10) 237 

Eqn. (9) is approximate for finite impulse duration, and it becomes accurate when the duration 238 

approaches zero. The entire loading history σ(t) can be considered to consist of a succession of such 239 

short impulses, each giving rise to its own differential response. For the linearly elastic system, the 240 

total response can be obtained by integrating all differential responses over the loading time, which is 241 

known as the Duhamel integral equation (Clough and Penzien 2003): 242 

 
0 0

( ) 2 2
( ) sin ( ) ( )sin ( ) , 

2

   
      

 
    

 
t tT

y t t d t d t
m T m T

 (11) 243 

The pillar deformation in response to the time-dependent loading can be obtained by combining Eqn. 244 

(8)(10) and (11):  245 
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 (12) 246 

where ys is the pillar deformation increment given by  s sy K . For the linearly elastic pillar, the 247 

deformation is proportional to the induced vertical stress, which can be written as:  248 

 
 

max

max






 


d

s s

y t
R

y
 (13) 249 

Substituting Eqn. (12) to (13) gives the maximum dynamic amplification coefficient Rmax in Eqn. (7): 250 
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 (14) 251 

It can be observed from Eqn.(14) that, given the natural vibration period T, Rmax depends on the pillar 252 

recovery time t0. To investigate the impact of pillar recovery time on dynamic response of adjacent 253 

pillars, the time-varying dynamic amplification coefficients for t0 = 0, 0.01T, 0.5T, 1.0T and 2.0T 254 

respectively is presented in Fig. 5. t0 = 0 means instantaneous pillar recovery, which yields an Rmax as 255 

much as 2. It can be seen that when t0 is shorter than 0.01T, Rmax approximates to that in the case of t0 256 

= 0. When the extraction time is longer than T, Rmax becomes 1, suggesting no evidence of dynamic 257 

effect. When t0 ranges from 0.01T to T, Rmax falls in the range between 1 and 2.  258 

Based on in situ microseismic measurements, the natural vibration period of rock masses is generally 259 

in a magnitude of 10-1 s (Pan et al. 2007). Using the blasting method, the fragmentation of rock 260 

masses accompanied with the release of in situ stress takes places in several to tens milliseconds (10-3-261 

10-2 s) (Lu et al. 2012). Therefore, the induced dynamic amplification coefficient for a neighbouring 262 

pillar can exceed 1.5 or even approach 2.  263 

3.4 Dynamic instability criterion for pillar workings 264 

The conventional criteria for material failure can be classified into three types: stress/strain failure 265 

criteria, energy type failure criteria, and damage failure criteria (Li 2001). These criteria are usually 266 
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applicable to stable or controlled failure phenomena, in which processes the failure takes place 267 

gradually and can be restrained by regulating the stress states.  268 

However, in certain circumstances, uncontrolled failure phenomena such as rockbursts, pillar 269 

collapses and roof fall occur suddenly even without prior deterioration of the rock mass. These 270 

instances can be generalised as the problem of instability (Salamon 1970), and the failure criteria may 271 

be different. Salamon (1970) applied the complete stress-strain curve of uniaxial rock tests to the 272 

explanation of the pillar collapse phenomena, and suggested that pillars will be stable if the sum of the 273 

stiffness matrix of mining workings and the slope matrix of the force-displacement curve of pillars is 274 

positive definite. In this respect, the stability conditions of pillars are dependent on their mechanical 275 

and deformation characteristics. 276 

It is common that these phenomena involve both critical stress states of mine structures and external 277 

dynamic excitation. So the external disturbance should be taken into account in evaluating the 278 

instability of mine structures. Petukhov and Linkov (1979) formulated a stability criterion based on 279 

the understanding of post-failure characteristics, which considers that instability occurs when the 280 

increment of external energy input exceeds the intrinsic energy increment. Zubelewicz and Mroz 281 

(1983) generalised the instability condition as the monotonic increase of the kinetic energy of the 282 

system under external excitations. This criterion was further examined by modelling two dynamic 283 

rock rupture phenomena induced by instantaneous excavation of pillars and a plane wave incidence to 284 

an excavation face respectively. Li et al. (2005) and Zuo et al. (2005) used a catastrophic model to 285 

characterise the failure process of rock subjected to coupled static and dynamic loads, and found that 286 

the unstable failure is associated with both the magnitude and frequency of dynamic loads. 287 

In this study, the rock mass is considered to become unstable when the released energy exceeds the 288 

energy consumed in the failure process (Dou et al. 2015). The criterion can be given by: 289 

 s d f  
dU dU dUdU

dt dt dt dt
 (15) 290 

where 𝑈 is the total released energy in the extraction, 𝑈s is the strain energy stored in the rock mass to 291 

be extracted, 𝑈d is the external energy from the dynamic disturbance, and 𝑈f is the energy needed to 292 
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be consumed in fracturing the rock mass. This criterion is applicable for rock masses under both two- 293 

and three-dimensional stress states.  294 

For pillar workings under uniaxial compressive stress state, the total released energy is:  295 

 
2

s d( )

2

 
U

E
 (16) 296 

where 𝐸  is the elastic modulus of the pillar, and 
s  and 

d  are static and dynamic pillar loads, 297 

respectively. 298 

Similarly, 𝑈f  can be computed using the critical stress 𝜎cri , i.e., the pillar load under the critical 299 

equilibrium state:  300 

 
2

cri

f
2


U

E
 (17) 301 

Substituting Equations (16)(17) to (15), the criterion becomes: 302 

 
s d cri     (18) 303 

Combining Equations (7) and (18), the criterion in this study can be simplified to: 304 

 
cri max

v
 (19) 305 

4. Numerical simulation of pillar recovery induced disturbance 306 

The theoretical formulation introduced in Section 3 indicated the significant impact of pillar recovery 307 

induced disturbance on the stability of neighbouring pillar workings. However, it assumed the 308 

disturbance to be a plane wave loading on a pre-stressed pillar, without considering the wave 309 

propagation from the removed pillar to remnant pillar workings. In addition, damping was not 310 

accounted for in the theoretical formulation. 311 

In this section, the whole process including unloading wave emanation from pillar recovery, wave 312 

propagation in rock masses, and loading on remnant pillar workings, was numerically modelled. To 313 

limit this investigation to a controllable scope, a two-dimensional mining layout with five pillars of 314 

regular geometries were assumed. The discrete element method (DEM) based code PFC2D, was 315 

employed so as to explicitly model the dynamic rock failure. 316 
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4.1 Model setup and calibration of particle parameters 317 

PFC2D uses bonded contacts to model rock behaviour, and macroscopic properties of rock masses are 318 

determined by calibrated modelling properties of particles and contacts (Itasca 2008). The parallel-319 

bond model is suitable to model brittle rock materials in that the parallel-bond establishes an elastic 320 

interaction between particles, transmitting both force and moment. This model features two sets of 321 

parameters, one set to control macroscopic deformation behaviour and the other to account for 322 

macroscopic strength characteristics. 323 

Calibration of the numerical model is needed to obtain appropriate modelling properties of particles 324 

and contacts corresponding to macroscopic properties by matching numerical modelling results with 325 

experimental ones (Potyondy and Cundall 2004). 326 

In this work, a hard rock pillar measuring 5 m × 5 m in Kaiyang Phosphate Mine were used in a 327 

numerical uniaxial compression test for calibrating macroscopic rock behaviour against the empirical 328 

one. According to engineering geological survey reports and laboratory rock mechanical tests (Yao et 329 

al. 2012), the empirical compressive strength of the pillar is approximately 56 MPa and the elastic 330 

module is about 10 GPa. The obtained calibrated modelling parameters of particles and contacts are 331 

presented in Table 1. 332 

A stratum model with dimensions of 101 m × 35 m (width × height) was constructed to represent a 333 

hard rock mining goaf area in Kaiyang Phosphate Mine (Fig. 6a). The explosive repulsion method 334 

(Itasca 2008) was adopted to generate the compacted assembly with a linear contact model. Particles 335 

with less than three contacts were deleted using a floater-elimination scheme embedded via a FISH 336 

function, and then the linear contact model was replaced by the parallel-bond model.  337 

In order to model the successive collapses of pillar workings induced by sudden pillar recovery, the 338 

constructed model should have a pillar to be removed, a pillar immediately adjacent and another not 339 

immediately adjacent to the pillar to be removed. Unlike in the frame of continuum-based numerical 340 

modelling, the geomechanical response of rock masses (stress, displacement and failure behaviour) of 341 

a symmetrical model, obtained from the discrete element-based numerical approach, is not necessarily 342 

symmetrical, so it would be necessary to model the behaviour of adjacent pillars on each side of the 343 
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pillar to be removed. In view of the computational efficiency achieved, it was found that a model 344 

consisting of five pillars, one central pillar to be removed and two adjacent pillars on each side, was 345 

adequate to demonstrate the dynamic process induced by sudden pillar recovery without a loss of 346 

generality. To this end, six 6 m × 5 m (width × height) rooms with a spacing of 5 m were extracted, 347 

leaving five pillars to support the overburden load. The mining area was underlain and overlain by 348 

two hard rock layers of 15 m in height, respectively. Considering that stress states at a distance of 3 349 

times of excavation sizes away from the mined-out area are unaffected by the excavation, the model is 350 

sufficiently large to minimise far-field boundary effects. 351 

On the basis of two in situ measurements in the mine, the vertical stress and the maximum horizontal 352 

principal stress at 400 m depth are σV = 15 MPa and σHmax = 14 MPa, respectively (Li et al. 2010; Yao 353 

et al. 2012). In order to represent the most vulnerable conditions of pillar workings, the vertical and 354 

the maximum horizontal principal stress (σV and σHmax) were used as vertical and horizontal normal 355 

boundary stresses (σy and σx), whilst no shear stress was applied on model boundaries. The application 356 

of boundary stresses will be described in the modelling procedure section. 357 

In order to monitor geomechanical response to pillar recovery, a total of four stress measurement 358 

circles were set up on remnant pillar workings and surrounding rock, and four velocity monitoring 359 

points on the room roof, as shown in Fig. 6b. In view of the axial symmetry of the model and the 360 

central pillar to be extracted, measurement circles and points were only arranged on the right half of 361 

the model. The pillar closest to the central pillar on the right side is called #1 pillar, and the second 362 

closest is called #2 pillar. The initial average vertical pillar load in the model was 33 MPa, yielding a 363 

safety factor of 1.70. The natural vibration period of pillars in the model was around 60 ms as 364 

measured from free vibration of pillars subjected to instantaneous dynamic excitation. 365 

4.2 Modelling procedure 366 

Static and dynamic analyses of pillar recovery were carried out respectively, depending on whether 367 

the dynamic process was considered. As the first step to investigate the stress concentration in 368 

remnant pillars in the vicinity of the pillar recovery region, static analysis of the goaf model is 369 

reasonable. The modelling procedure for the static analysis consists of the following steps: (1) the 370 
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central pillar was extracted via the DELETE command. (2) A servo-control loading algorithm 371 

implemented via a FISH function was invoked to apply in situ stresses to each boundary until the 372 

model equilibrated. 373 

For comparison, the stress distribution on pillars and surrounding rock was also evaluated under in 374 

situ stresses in the goaf model without pillar recovery. 375 

For the dynamic analysis, the modelling sequences as elaborated for the static analysis were reversed, 376 

which means that in situ stresses were first applied to model boundaries, followed by the central pillar 377 

extraction. Then the model was run until the goaf model became stable or broken. To account for the 378 

influence of pillar recovery time on neighbouring pillar workings and surrounding strata, the model 379 

was run repetitively for pillar recovery time 0, 10 ms, 30 ms, 50 ms and 100 ms, respectively. The 380 

scenario with pillar recovery time 0 is equivalent to the instantaneous pillar recovery. 381 

While instantaneous pillar recovery was realised by removing all particles comprising the pillar via 382 

the DELETE command, dynamic pillar recovery in a certain duration was realised by means of the 383 

excavation relaxation method (Cai 2008). To be specific, particles representing the central pillar were 384 

first removed, and layers of particles on the newly formed roof and floor were identified to apply a set 385 

of forces equivalent to the internal forces of the deleted particles. The unloading of pillar stress can be 386 

controlled in such a manner that these forces were reduced in accordance with a specific path. For the 387 

sake of comparison to the theoretical formulation, a linear unloading path was adopted in this 388 

simulation. A flowchart of the modelling procedure for both quasi-static and dynamic pillar recovery 389 

is shown in Fig. 7. 390 

According to the manual of PFC2D (Itasca 2008), the damping coefficient  is given by: 391 

   D  (20) 392 

where D is the fraction of critical damping. When the dynamic analysis was conducted, low numerical 393 

damping was specified in the model to simulate realistic levels of attenuation in rock mass. In this 394 

study, the local damping coefficient is set to 5% of critical damping. In addition, a 1 m thick particle 395 

layer with high viscous damping ( = 0.5) was assigned on each boundary, so as to prevent seismic 396 
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waves from being reflected by model boundaries. The timestep for dynamic analysis was 397 

automatically determined based on the particle mass and the sum of stiffnesses acting on the particle. 398 

5. Modelling results 399 

5.1 Static analysis of the stability of pillar workings 400 

Fig. 8 shows the vertical stress states for pillars and surrounding rock before and after the central 401 

pillar recovery in static analysis. It can be observed that pillars closer to the removed pillar tend to 402 

carry more overburden during the load redistribution process. After the central pillar recovery, there 403 

are stress increases of 6.6 MPa and 1.8 MPa in #1 and #2 pillars respectively, but barely no stress 404 

increases in rock masses within #3 and #4 measurement circles, which means that only the stress 405 

concentration in pillars is aggravated. The safety factor for the most stressed #1 pillar is reduced to 406 

1.12, and the vertical load on the #1 pillar can be as much as 2.8 times of that on rock masses within 407 

the #4 measurement circle. 408 

As illustrated in Fig. 9, the bearing capability of all remnant pillars remains unaffected, with only a 409 

few tensile cracks forming on the nearest two pillars on sides close to the removed pillar. Fig. 10 410 

presents the vertical displacement contour after pillar recovery. As no pillar collapses after the central 411 

pillar recovery, the displacement contour is symmetrical, and the induced floor heave and roof 412 

subsidence primarily fall between the two pillars most adjacent to the central one. The maximum 413 

displacement is around 30 mm, which occurs on the newly formed roof and floor during the pillar 414 

recovery process. This suggests that the influenced regions of pillar recovery are quite limited in the 415 

static analysis. 416 

5.2 Dynamic analysis of the stability of pillar workings 417 

5.2.1 Instantaneous pillar recovery  418 

Characterised by the shortest extraction time, the instantaneous pillar recovery process can cause the 419 

most remarkable dynamic excitation and most severe destruction in surrounding rock strata. In this 420 
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section, only dynamic behaviour of surrounding rock and pillars in response to instantaneous pillar 421 

recovery is presented, and the influence of pillar recovery time will be shown in Section 5.2.2. 422 

Fig. 11 illustrates the propagation of stress wave arising from the central pillar. In the figure, all 423 

referred times are elapsed times after the central pillar is extracted. It can be seen that the stress wave 424 

front reaches the nearest two pillars in 5 ms, and reaches the other two in 10 ms. However, it is noted 425 

that the wave front is of low velocity, and that the nearest pillars would not achieve the maximum 426 

velocity until 10 ms. In addition, the maximum induced vibration velocity attenuates rapidly during 427 

propagation. For example, the maximum recorded velocity at 10 ms reduces to as less as one fifth that 428 

at 1 ms. 429 

The vertical vibrations recorded at different velocity monitoring points are presented in Fig. 12. Since 430 

the point a locates on the newly formed roof, the vibration at the point a initiates almost at the same 431 

time of the instantaneous pillar recovery and peaks at 4.29 m/s. From 0.9 ms after the pillar recovery, 432 

vibration arises at points b, c and d chronologically, with a time lag of around 5 ms. The maximum 433 

velocity recorded at these points are 1.85, 0.79 and 0.26 m/s respectively, which also indicates the 434 

quick attenuation of stress wave with travelling distance. 435 

Fig. 13 presents the variation of vertical stresses acting on remnant pillars and surrounding stratum 436 

after the central pillar recovery. The stress on the #1 pillar increases from 33.2 MPa to the pillar 437 

strength 56 MPa at around 30 ms, and then gradually decreases to a residual value (less than 5 MPa), 438 

which means it cannot carry much overburden any more. Except for the dynamic pillar recovery 439 

induced disturbance, transferred vertical loads from the collapsed pillars are detrimental to the 440 

stability of remnant pillars. After the collapse of the #1 pillar, stress applied on the #2 pillar quickly 441 

increases to the pillar strength and crushes the pillar. This is followed by marked increases in stresses 442 

on rock masses in #3 and #4 stress measurement circles, and the failure of rock masses in the #3 443 

measurement circle. The final vertical stress on rock masses in the #4 measurement circle reaches 444 

about 80 MPa. In this way, the instantaneous extraction of a single pillar may trigger the domino 445 

instability characterised by a chain reaction of pillar collapses, leading to severe hazards over large 446 

underground stope areas. In addition, triggered pillar collapses can in turn induce disturbance in 447 

surrounding rock masses. For example, vibrations at monitoring points b and c begin to increase due 448 
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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 100 449 

ms, as observed in Fig. 12. 450 

Fig. 14 illustrates the crack propagation over time after the central pillar is suddenly removed. Both 451 

tensile and shear cracks form in adjacent pillars subjected to the instantaneous pillar recovery. 452 

Induced pillar collapses take place in succession, from pillars nearest to the central pillar to farther 453 

ones. For all pillars under the dynamic disturbance, cracks first emerge at corners between pillars and 454 

roof or floor on sides close to the removed pillar, and then grow gradually. When the pillar is 455 

approaching its supporting capacity, cracks propagate rapidly and finally coalesce into distinct X-type 456 

macroscopic failure. For example, only a few cracks occur in the two pillars closest to the central 457 

pillar at the beginning, and the crack number increases tremendously after 25 ms. After all pillars 458 

collapse, overburden previously carried by those pillars is transferred to surrounding rock and result in 459 

severe damage. In addition, macroscopic shear cracks initiate from both the newly formed roof and 460 

floor and propagate in the vertical direction at 225 ms, indicating the instability of the goaf model. It 461 

is noted in the figure that crack distribution does not remain symmetrical in shape. This is because 462 

granules of rock masses are represented by bonded circular disks, and the random particle packing 463 

geometry introduces intrinsic heterogeneity in crack initiation and propagation. New cracks tend to 464 

occur and grow in the vicinity of old ones where stress concentrates, and crack localisation is thus 465 

exacerbated. 466 

The displacement contours at time steps corresponding to those in Fig. 14 are plotted in Fig. 15. 467 

Different from results of continuum-based software, the displacement contours extracted from PFC2D 468 

are not symmetrical. This is because a relatively large displacement is caused by the bond breakage 469 

between two rock granules, and localised crack concentration would result in asymmetrical 470 

displacement distribution. At 25 ms, the maximum displacement reaches 30 mm, and the zone of 471 

influence is limited between the two pillars nearest to the central one, which is quite similar to that in 472 

the static analysis. The zone of influence expands as pillars collapse progressively, finally spanning 473 

the whole pillar region. The largest displacement can reach up to 500 mm at 225 ms, more than 16 474 

times that obtained from the static analysis.  475 
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5.2.2 Influence of extraction time on dynamic pillar response 476 

Fig. 16 plots the dynamic mechanical state of the #1 pillar during the pillar recovery process for 477 

different extraction time. With a natural vibration period of around 60 ms, the extraction durations 478 

correspond to 0, 0.17T, 0.5T, 0.83T and 1.67T, respectively. Remarkable dynamic disturbance can be 479 

observed for scenarios with extraction time 0, 10 ms and 30 ms. In these three scenarios, the #1 pillar 480 

is crushed after the vertical load exceeds the pillar strength, and a residual stress far lower than the 481 

initial vertical stress is reached, indicating the loss of the bearing capacity. The dynamic pre-peak 482 

stress variation in the scenario with extraction time 10 ms is quite close to that of the instantaneous 483 

pillar recovery. For extraction durations 50 ms and 100 ms, the dynamic pillar response to the 484 

disturbance is almost negligible, and the pillar load stabilises at about 50 MPa after pillar recovery. It 485 

is noted that stress variations in these two scenarios compare favourably with variations of R in Fig. 5. 486 

Fig. 17 presents the crack distribution at 225 ms for different recovery durations of the central pillar. 487 

For scenarios with extraction durations 10 ms and 30 ms, the disturbance caused by the central pillar 488 

recovery triggers relatively violent pillar collapses and overall instability of the goaf model. Tensile 489 

cracks are more likely to be induced, and X-type macroscopic failure pattern could be observed in 490 

collapsed pillars, which is quite similar to the scenario of instantaneous pillar recovery. In contrast, no 491 

neighbouring pillars are crushed for scenarios with extraction durations 50 ms and 100 ms, and only a 492 

few cracks take place on incident sides of the dynamic disturbance. Results of stress variation and 493 

crack distribution show that the pillar recovery time is a significant factor influencing the induced 494 

dynamic behaviour of pillars. 495 

6. Discussion 496 

The present theoretical analysis verified that sudden loading on a pre-stressed pillar can generate 497 

remarkable dynamic excitation. The entire process of dynamic pillar recovery, wave propagation and 498 

loading on neighbouring pillars was then modelled, and results suggested that the dynamic pillar 499 

recovery induced disturbance has a significant influence on the stability of neighbouring pillars. 500 

While only small displacements occur in a limited region in the vicinity of the removed pillar in the 501 
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static analysis, the domino instability of neighbouring pillar workings will take place in response to 502 

dynamic pillar recovery. 503 

The influencing factors of the behaviour of neighbouring pillar workings can be classified into three 504 

categories: pillar strength, static stress levels, and dynamic stress levels. Static stress levels mainly 505 

depend on initial stress states and mining layouts (pillar width, pillar spacing and W/H ratios, etc) 506 

(Wang et al. 2016). Dynamic stress levels are associated with the pillar recovery process characterised 507 

by extraction duration, and seismic wave attenuation which is in turn related to pillar spacing and rock 508 

mass properties, etc. It is worth noting that the impact of the distance from the removed pillar is two-509 

fold. In terms of static stress distribution, a short distance between residual pillars and the removed 510 

one is preferable for the sake of supporting overburden and increasing safety factors. On the other 511 

hand, strong dynamic disturbance can be caused in surrounding pillars by extraction of a pillar located 512 

in close vicinity. However, the seismic wave rapidly attenuates with travelling distance, and the 513 

induced dynamic effect could thus be minimal when residual pillar workings are far from the removed 514 

one, as per Fig. 11 and Fig. 12.  515 

From theoretical and numerical analyses, it was recognised that if pillars are extracted in a quasi-static 516 

manner, no excitation would be induced in surrounding strata, and a neighbouring pillar remains 517 

stable as long as the sum of the initial load 0 v
 and final transferred load  s

 is less than the pillar 518 

strength (Fig. 18a & b). However, given the initial load and pillar strength, the failure state and stress 519 

state of a pillar in response to sudden pillar recovery depend on the incident dynamic excitation. Fig. 520 

18 illustrates time-varying vertical pillar loads after sudden extraction of a neighbouring pillar for two 521 

cases, in first of which the pillar collapses, but not in the latter one. Once the total pillar vertical load 522 

exceeds the critical stress (Eqn. 19), the pillar is crushed, and the vertical stress drops to a residual 523 

stress far lower than the initial stress, suggesting that the load undertaken by this pillar is mostly 524 

added to the transferred load (Fig. 18a); otherwise the pillar oscillates at the natural frequency of rock 525 

masses, and the pillar vertical load eventually converges to the final stress state, same as that reached 526 

in the quasi-static extraction scenario (Fig. 18b). 527 
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It is noted that the time of pillar collapse caused by dynamic disturbance is not concurrent with that 528 

when the maximum pillar vibration velocity is reached. For example, the maximum vibration velocity 529 

of the #1 pillar is achieved at 10-15 ms (as estimated from Fig. 11 and Fig. 12), and the pillar is 530 

crushed at around 30 ms (as shown in Fig. 13). This is because the maximum velocity is always 531 

achieved at the equilibrium position of the pillar (with deformation  s
 in Fig. 3), while the 532 

maximum stress is reached when the pillar is further compressed (with deformation greater than  s
 533 

in Fig. 3). The failure state of pillars is evaluated based on the vertical pillar load rather than the pillar 534 

vibration velocity. 535 

7. Conclusions 536 

The stability of pillar workings is of significant importance in mining exploitation. In the present 537 

study, a mechanistic model was developed in order to evaluate the load acting on a pillar adjacent to a 538 

dynamically removed pillar on the basis of the pressure arch theory (PAT) based method and 539 

structural dynamics. In the model, pillars are assumed to be linearly elastic before failure occurs. For 540 

any pillar in the vicinity of the removed one, it is under combined effects of the initial static vertical 541 

load and the pillar recovery induced dynamic stress. The induced disturbance to a pillar can be 542 

characterised by the dynamic amplification coefficient R, the ratio of the increased vertical pillar load 543 

to the transferred load. The calculation results showed that Rmax is associated with the extraction time 544 

and the natural vibration period of rock mass. In practice pillar recovery using the blast method, the 545 

extraction time is one to two orders of magnitude lower than the natural vibration period of rock mass, 546 

and Rmax can exceed 1.5 or even approach 2. 547 

The stability of neighbouring pillar workings subjected to dynamic extraction of the central pillar in a 548 

two-dimensional five-pillar system was then simulated in both static and dynamic modes using 549 

PFC2D. The influence of pillar recovery time on the stability of adjacent pillars were also investigated. 550 

The dynamic response of neighbouring pillar workings obtained in simulation was in good agreement 551 

with those calculated using the mechanistic model, and both results indicated that the dynamic pillar 552 

disturbance can be reduced by increasing the pillar recovery time. In addition, it was found that pillars 553 
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adjacent to the removed pillar remain stable in the static analysis, whilst the goaf model is unstable 554 

subjected to dynamic pillar recovery in the dynamic analysis. These results indicated that the 555 

maximum load carried by pillar workings would be largely underestimated if the dynamic effect 556 

resulting from pillar recovery is ignored in the design of pillar workings. Pillar workings designed to 557 

small safety factors can be considered as stable according to conventional methods, while in fact 558 

domino pillar instability can be triggered in the event of dynamic disturbance. For the sake of mining 559 

safety, it is recommended to account for the dynamic pillar recovery induced disturbance in the design 560 

of the pillar recovery method. 561 

Acknowledgements 562 

This research is supported by financial grants from the National Basic Research Program of China 563 

(2015CB060200), the National Natural Science Foundation of China (No. 41772313) and the Hunan 564 

Natural Science Foundation (2015JJ4067). The authors are very grateful to the financial contribution 565 

and convey their appreciation of the organization for supporting this basic research. 566 

References 567 

Abel JF (1988) Soft rock pillars. Int J Min Geol Eng 6:215–248. doi: 10.1007/BF00880975 568 

Brady B, Brown E (2013) Rock mechanics: for underground mining. Springer Science & Business Media 569 

Cai M (2008) Influence of stress path on tunnel excavation response - Numerical tool selection and modeling 570 

strategy. Tunn Undergr Sp Tech 23:618–628. doi: 10.1016/j.tust.2007.11.005 571 

Cao W, Li X, Tao M, Zhou Z (2016) Vibrations induced by high initial stress release during underground 572 

excavations. Tunn Undergr Sp Tech 53:78–95. doi: 10.1016/j.tust.2016.01.017 573 

Cao W, Shi J, Si G, et al (2018) Numerical modelling of microseismicity associated with longwall coal mining. 574 

Int J Coal Geol 193:30–45. doi: 10.1016/j.coal.2018.04.010 575 

Chao X, Zheng H, Hou X, Zhang X (2015) A stability study of goaf based on mechanical properties degradation 576 

of rock caused by rheological and disturbing loads. Int J Min Sci Technol 25:741–747. doi: 577 

10.1016/J.IJMST.2015.07.007 578 

Chen Y, Ma S, Yu Y (2017) Stability Control of Underground Roadways Subjected to Stresses Caused by 579 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



24 

 

Extraction of a 10-m-Thick Coal Seam: A Case Study. Rock Mech Rock Eng 50:2511–2520. doi: 580 

10.1007/s00603-017-1217-z 581 

Clough R, Penzien J (2003) Dynamics of structures. Computers & Structures, Inc 582 

Dou L, He J, Cao A, et al (2015) Rock burst prevention methods based on theory of dynamic and static 583 

combined load induced in coal mine. J China Coal Soc 40:1469–1476 (in Chinese). 584 

Hauquin T, Deck O, Gunzburger Y (2016) Average vertical stress on irregular elastic pillars estimated by a 585 

function of the relative extraction ratio. Int J Rock Mech Min Sci 83:122–134. doi: 586 

10.1016/j.ijrmms.2015.12.004 587 

Itasca (2008) Particle Flow Code in 2 Dimensions. Itasca Consult. Gr. Inc  588 

Kaiser P, McCreath D, Tannant D (1996) Canadian rockburst support handbook. Geomechanics Research 589 

Centre, Laurentian University. Sudbury, Ontario. 590 

Kaiser PK, Cai M (2012) Design of rock support system under rockburst condition. J Rock Mech Geotech Eng 591 

4:215–227. doi: 10.3724/SP.J.1235.2012.00215 592 

Li QM (2001) Strain energy density failure criterion. Int J Solids Struct 38:6997–7013. doi: 10.1016/S0020-593 

7683(01)00005-1 594 

Li W, Ma C, Li K, et al (2010) Measurement and distribution of 3D geostress in Kaiyang phosphate mine in 595 

Guizhou. Min Technol 10(5):31–33. 596 

Li X, Cao W, Tao M, et al (2016) Influence of unloading disturbance on adjacent tunnels. Int J Rock Mech Min 597 

Sci 84:10–24. doi: 10.1016/j.ijrmms.2016.01.014 598 

Li X, Cao W, Zhou Z, Zou Y (2014) Influence of stress path on excavation unloading response. Tunn Undergr 599 

Sp Tech 42:237–246. doi: 10.1016/j.tust.2014.03.002 600 

Li X, Li C, Cao W, Tao M (2018) Dynamic stress concentration and energy evolution of deep-buried tunnels 601 

under blasting loads. Int J Rock Mech Min Sci 104:131–146. doi: 10.1016/j.ijrmms.2018.02.018 602 

Li X, Zuo Y, Ma C (2005) Failure criterion of strain energy density and catastrophe theory analysis of rock 603 

subjected to static-dynamic coupling loading. Chinese J Rock Mech Eng 24:2814–2824 (in Chinese). 604 

Lu W, Yang J, Yan P, et al (2012) Dynamic response of rock mass induced by the transient release of in-situ 605 

stress. Int J Rock Mech Min Sci 53:129–141. doi: 10.1016/j.ijrmms.2012.05.001 606 

Lunder P, Pakalnis R (1997) Determination of the strength of hard-rock mine pillars. CIM Bull 90:51–55. 607 

Pan Y, Zhao Y, Guan F, et al (2007) Study on rockburst monitoring and orientation system and its application. 608 

Chinese J Rock Mech Eng 26:1002–1011 (in Chinese). 609 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



25 

 

Pao Y, Mow C (1973) Diffraction of Elastic Waves and Dynamics Stress Concentrations. New York 610 

Petukhov IM, Linkov AM (1979) The theory of post-failure deformations and the problem of stability in rock 611 

mechanics. Int J Rock Mech Min Sci 16:57–76. doi: 10.1016/0148-9062(79)91444-X 612 

Potyondy DO, Cundall PA (2004) A bonded-particle model for rock. Int J Rock Mech Min Sci 41:1329–1364. 613 

doi: 10.1016/j.ijrmms.2004.09.011 614 

Poulsen BA (2010) Coal pillar load calculation by pressure arch theory and near field extraction ratio. Int J Rock 615 

Mech Min Sci 47:1158–1165. doi: 10.1016/j.ijrmms.2010.06.011 616 

Poulsen BA, Shen B (2013) Subsidence risk assessment of decommissioned bord-and-pillar collieries. Int J 617 

Rock Mech Min Sci 60:312–320. doi: 10.1016/j.ijrmms.2013.01.014 618 

Roberts DP, van der Merwe JN, Canbulat I, et al (2002) Development of a method to estimate coal pillar 619 

loading. Safety in Mines Research Advisory Committee 620 

Salamon MDG (1970) Stability, instability and design of pillar workings. Int J Rock Mech Min Sci 7:613–631. 621 

doi: 10.1016/0148-9062(70)90022-7 622 

Singh AK, Singh R, Maiti J, et al (2011a) Assessment of mining induced stress development over coal pillars 623 

during depillaring. Int J Rock Mech Min Sci 48:805–818. doi: 10.1016/j.ijrmms.2011.04.004 624 

Singh R, Singh AK, Maiti J, et al (2011b) An observational approach for assessment of dynamic loading during 625 

underground coal pillar extraction. Int J Rock Mech Min Sci 48:794–804. doi: 626 

10.1016/j.ijrmms.2011.04.003 627 

Suorineni FT, Kaiser PK, Mgumbwa JJ, Thibodeau D (2011) Mining of orebodies under shear loading Part 1 ‐  628 

case histories. Min Technol 120:137–147. doi: 10.1179/1743286311Y.0000000012 629 

Suorineni FT, Mgumbwa JJ, Kaiser PK, Thibodeau D (2014) Mining of orebodies under shear loading Part 2 – 630 

failure modes and mechanisms. Min Technol 123:240–249. doi: 10.1179/1743286314Y.0000000072 631 

Tao M, Li X, Li D (2013) Rock failure induced by dynamic unloading under 3D stress state. Theor Appl Fract 632 

Mech 65:47–54. doi: 10.1016/j.tafmec.2013.05.007 633 

Wang H, Jiang Y, Zhao Y, et al (2013) Numerical investigation of the dynamic mechanical state of a coal pillar 634 

during longwall mining panel extraction. Rock Mech Rock Eng 46:1211–1221. doi: 10.1007/s00603-012-635 

0337-8 636 

Wang SL, Hao SP, Chen Y, et al (2016) Numerical investigation of coal pillar failure under simultaneous static 637 

and dynamic loading. Int J Rock Mech Min Sci 84:59–68. doi: 10.1016/j.ijrmms.2016.01.017 638 

Xiao X, Xiao P, Dai F, et al (2017) Large Deformation Characteristics and Reinforcement Measures for a Rock 639 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



26 

 

Pillar in the Houziyan Underground Powerhouse. Rock Mech Rock Eng. doi: 10.1007/s00603-017-1329-5 640 

Yang J, Lu W, Chen M, et al (2013) Microseism induced by transient release of in situ stress during deep rock 641 

mass excavation by blasting. Rock Mech Rock Eng 46:859–875. doi: 10.1007/s00603-012-0308-0 642 

Yao J, Ma C, Li X, Yang J (2012) Numerical simulation of optimum mining design for high stress hard-rock 643 

deposit based on inducing fracturing mechanism. Trans Nonferrous Met Soc China 22:2241–2247. doi: 644 

10.1016/S1003-6326(11)61455-6 645 

Zhang G, He F, Jia H, Lai Y (2017) Analysis of Gateroad Stability in Relation to Yield Pillar Size: A Case 646 

Study. Rock Mech Rock Eng 50:1263–1278. doi: 10.1007/s00603-016-1155-1 647 

Zhao T, Guo W, Tan Y (2018) Case Studies of Rock Bursts Under Complicated Geological Conditions During 648 

Multi‑seam Mining at a Depth of 800 m. Rock Mech Rock Eng. doi: 10.1007/s00603-018-1411-7 649 

Zhou Z, Cai X, Ma D, et al (2018a) Effects of water content on fracture and mechanical behavior of sandstone 650 

with a low clay mineral content. Eng Fract Mech. doi: 10.1016/j.engfracmech.2018.02.028 651 

Zhou Z, Chen L, Cai X, et al (2018b) Experimental Investigation of the Progressive Failure of Multiple Pillar–652 

Roof System. Rock Mech Rock Eng. doi: 10.1007/s00603-018-1441-1 653 

Zubelewicz A, Mroz Z (1983) Numerical simulation of rock burst processes treated as problems of dynamic 654 

instability. Rock Mech Rock Eng 16:253–274. doi: 10.1007/BF01042360 655 

Zuo Y, Li X, Ma C, et al (2005) Catastrophic model and testing study on failure of static loading rock system 656 

under dynamic loading. Chinese J Rock Mech Eng 24:741–746 (in Chinese). 657 

  658 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



27 

 

Table Captions 659 

Table 1 Calibrated parameters of particles and contacts used in the PFC2D model 660 

Figure Captions 661 

Fig. 1. Schematic of instantaneous pillar recovery and induced dynamic response of adjacent pillar 662 

workings: (a) before pillar recovery, and (b) after pillar recovery. 663 

Fig. 2. Pillar geometry and the zone of influence used in the PAT-based method. 664 

Fig. 3. Dynamic response of a pre-stressed pillar subjected to a suddenly applied loading. 665 

Fig. 4. Loading history of a transferred pillar load. 666 

Fig. 5. Dynamic amplification coefficients of a pillar for different extraction time (n = t0/T). 667 

Fig. 6. Model geometry and measurement setup: (a) goaf model geometry with five pillars, and (b) 668 

setup of stress measurement circles and velocity monitoring points in the right half of the 669 

model. 670 

Fig. 7. Flowchart for numerical simulation of pillar recovery. 671 

Fig. 8. Vertical loads for neighbouring pillars before and after central pillar recovery in static analysis. 672 

Fig. 9. Crack distribution on neighbouring pillars after central pillar recovery in static analysis. 673 

Fig. 10. Vertical displacement contour after central pillar recovery in static analysis.  674 

Fig. 11. Velocity contour after instantaneous pillar recovery. 675 

Fig. 12. Vertical velocity-time history of monitoring points. 676 

Fig. 13. Vertical loads on pillars and surrounding rock over time after instantaneous pillar recovery. 677 

Fig. 14. Crack distribution on pillars and surrounding rock after instantaneous pillar recovery. 678 

Fig. 15. Vertical displacement contours after instantaneous pillar recovery. 679 

Fig. 16. Vertical load on the #1 pillar over time after dynamic pillar recovery. 680 

Fig. 17. Crack distribution on pillars and surrounding rock at 225 ms for different recovery durations 681 

of central pillar. 682 

Fig. 18. Schematic of rock failure criterion considering combined static and dynamic loads: (a) stress 683 

variation over time if failure occurs; and (b) stress variation over time if failure does not occur. 684 
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Table 1 Calibrated parameters of particles and contacts parameters used in the PFC2D model 686 

Particle basic parameters Parallel bond parameters 

Particle density 3 ( / ) kg m  3220 Mean normal strength ( )MPa  77 

Minimum radii min  ( )r m  4.5×10-2 Mean shear strength ( )MPa  38.5 

Ball size ratio max min/r r  1.5 Elasticity modulus ( )cE GPa  10 

Particle contact module ( )cE GPa  10 Stiffness ratio /n sk k  4 

Stiffness ratio /n sk k  4   
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 688 

(a) 689 

 690 

 (b) 691 

Fig. 1. Schematic of instantaneous pillar recovery and induced dynamic response of adjacent pillar 692 

workings: (a) before pillar recovery, and (b) after pillar recovery. 693 

 694 

 695 

Fig. 2. Pillar geometry and the zone of influence used in the PAT-based method. 696 
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Fig. 3. Dynamic response of a pre-stressed pillar subjected to a suddenly applied loading. 699 

 700 

 701 

Fig. 4. Loading history of a transferred pillar load. 702 

 703 

 704 

Fig. 5. Dynamic amplification coefficients of a pillar for different extraction time (n = t0/T). 705 
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 707 

(a) 708 

 709 

(b) 710 

Fig. 6. Model geometry and measurement setup: (a) goaf model geometry with five pillars, and (b) 711 

setup of stress measurement circles and velocity monitoring points in the right half of the 712 

model. 713 

 714 

 715 

Fig. 7. Flowchart for numerical simulation of pillar recovery. 716 
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 717 

 718 

Fig. 8. Vertical loads for neighbouring pillars before and after central pillar recovery in static analysis. 719 

 720 

 721 

Fig. 9. Crack distribution on neighbouring pillars after central pillar recovery in static analysis. 722 

 723 

 724 

Fig. 10. Vertical displacement contour after central pillar recovery in static analysis.  725 
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Fig. 11. Velocity contour after instantaneous pillar recovery. 729 
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 731 

Fig. 12. Vertical velocity-time history of monitoring points. 732 
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Fig. 13. Vertical loads on pillars and surrounding rock over time after instantaneous pillar recovery. 735 

 736 

 737 

Fig. 14. Crack distribution on pillars and surrounding rock after instantaneous pillar recovery. 738 
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Fig. 15. Vertical displacement contours after instantaneous pillar recovery. 743 

 744 

 745 

Fig. 16. Vertical load on the #1 pillar over time after dynamic pillar recovery. 746 
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Fig. 17.  Crack distribution on pillars and surrounding rock at 225 ms for different recovery durations 750 

of central pillar. 751 

 752 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



36 

 

 753 

                                          (a)                                                                            (b) 754 

Fig. 18. Schematic of rock failure criterion considering combined static and dynamic loads: (a) stress 755 

variation over time if failure occurs; and (b) stress variation over time if failure does not 756 

occur. 757 
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