
ORIGINAL ARTICLE

Ground motion characteristics and their cumulative impacts
to burst risks in underground coal mines

Changbin Wang . Guangyao Si . Chengguo Zhang . Anye Cao .

Ismet Canbulat

Received: 12 April 2021 / Accepted: 2 January 2022 / Published online: 4 February 2022

� The Author(s) 2022

Abstract Ground motions resulting from seismic

waves are one of the main factors to trigger coal burst

hazards in underground mines. Ground motion

induced dynamic impacts may apply to the highly

stressed coal/rock mass and initiate dynamic failure.

Although ground motion analysis has been widely

used in burst-prone hard rock mines for designing

support systems, there are only few studies focusing

on the understanding ground motion characteristics in

coal mines and their relationship with the coal burst

damage. Therefore, based on nine-months seismic

monitoring in a case study coal mine, this paper

conducted a thorough analysis on quantifying ground

motions to roadways in both far-field and near-field

zones and correlating strong ground motions to actual

coal burst damage. The results showed that most far-

field ground motions were insignificant, which were

less likely to initiate coal burst damage. However, with

the same energy levels and hypocentral distances, the

seismic events in coal mines can produce higher far-

field ground motions than those in hard rock mines.

Compared with the far-field ground motions, the near-

field ground motions had much higher intensities. The

strong dynamic impacts induced by the near-field

ground motions may trigger dynamic failure in coal or

rock mass when it is already critically stressed. An

index called the number of high ground motions

(NHGM) was developed to link ground motions with

burst risks in roadways. The roadway zone that had

experienced a long history of intensive ground

motions, indicated by a higher degree of NHGM, were

more likely to expect coal bursts in the future.

Article highlights

• Quantify ground motions to roadways in both far-

field and near-field zones in underground coal

mines.

• Demonstrate the relationship between ground

motion intensity and coal burst damage.

• Develop a method to forecast potential burst

damage zones in roadways based on historical

ground motions.
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1 Introduction

Rockburst is a typical mining hazard, which describes

an uncontrolled and violent ejection of rock fragments

with excessive seismic energy after fracturing rock

blocks (Cook 1965). It is referred to as coal burst in

underground coal mines if the released seismic energy

expels coal into mine openings (Zhang et al. 2017; Cai

et al. 2019). Coal bursts and rockbursts in underground

mines may cause significant damage to underground

excavations and pose great threats to personnel,

equipment and infrastructure. Since there is a large

degree of variability and uncertainty in the causal

factors, coal bursts and rockbursts are still the least

understood and the most formidable of all mining

hazards even after half a century of intensive research

(Ortlepp 2005).

Mining-induced seismic events are normal

responses to underground mining activities (Cao

et al. 2018; Si et al. 2020). Ground motions and the

induced dynamic impacts from these seismic events

are one of the main factors to trigger coal and

rockburst hazards (Cai et al. 2020). The ground

motion intensity of a seismic event is commonly

represented by peak particle velocity (ppv), which is

the maximum velocity of particle movement when a

seismic wave travels in coal and rock mass (Qiu et al.

2021). For an underground excavation, its ground

support can be easily affected by the dynamic impacts

from ground motions in load, displacement and energy

terms (Kaiser and Cai 2013a). The successive trigger-

ing from ground motions can cause cumulative

fracturing in a highly stressed rock mass (Li et al.

2019; Xie et al. 2020). The deepening fractures

contribute to higher deviatoric stress and increase

failure depth surrounding an excavation, which

induces rock bulking and wall displacement (Martin

et al. 1999; Kaiser et al. 2005; Cai and Kaiser 2018).

Ground support in this condition must withstand this

incremental deformation in the excavation, thus

support elements with tensile deformation present a

lower safety factor and an elevated vulnerability to

coal and rockbursts (Kaiser and Cai 2013a). In hard

rock mines, Kaiser (2006) proposed a linear relation-

ship between failure depth around an excavation and

ground motion intensities. For a strong seismic event

with ppv of 60–110 mm/s and eight subsequent

seismic events with ppv between 20 to 50 mm/s, the

total failure depth is estimated to be between 0.1 and

0.15 m (Kaiser and Cai 2013a). Unfortunately, such

studies have not been widely conducted in coal mines,

and the depth failure estimation criterion in hard rock

mines cannot be easily transferred to coal mines due to

different mining environments and material proper-

ties. However, it is the truth that the historical ground

motions are strongly related to coal and rock failures

and excavation instability in burst-prone coal mines.

Therefore, it is necessary to understand the ground

motion characteristics of seismic events during mining

in order to assess coal burst risks.

In previous research, ground motion intensities of

strong seismic events in hard rock mines have been

linked with rockbursts in many different countries

(McGarr 1984; Kaiser 1996; Cai and Kaiser 2018).

Intensive ground motions were observed in South

African gold mines with ppv values of between 0.3 to

2.3 m/s, which were induced by strong events of

3.8–4.1 in local magnitude occurred within 500 m of a

mine (Glazer 2018). A seismic database of Canadian

hard rock mines suggests that severe damage is

commonly caused by ground motions with ppv of

larger than 0.6 m/s. Such intensive ppv resulted from

either a large scale event at far-field or a medium scale

seismic event close tomine openings (Owen 2005). By

conducting simulated rockburst experiments in deep

South African hard rock mines, Milev (2005) found

that 0.8 m/s is the threshold to initiate burst damage in

roadways. Up to now, coal mines that have provided

the most detailed research findings on mining seis-

mology are located in the Upper Silesian Coal Basin

(USCB), Poland (Stec 2007; Ptáček 2017). The ground

motion characteristics of coal burst in USCB have

been concluded by Dou et al. (2016), which shows that

a ppv of 0.2 m/s is the threshold to recognise apparent

damage and 0.4 m/s for potential hazard management.

Mutke (2002) observed that more dynamic impacts

from seismic events might be experienced in coal

mines. With the same energy magnitude and hypocen-

tral distance, most ppv in coal seams is higher than that

in hard rocks. However, it is rarely reported whether

such intensive groundmotions of coal bursts behave as

the main contributor to stress change and energy

release or just an additional trigger to already critically

stressed rock (Bräuner 2017). Also, limited clues can

be found to investigate the relationship between coal

burst occurrence and cumulative impacts from histor-

ical events on roadways before the incident.
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In ground motion analysis, it cannot be ignored that

seismic events adjacent to excavations may generate

unexpected high ground motions (Roberts and Brum-

mer 1988; Mutke 2002). Most of the burst damage is

also reported very close to seismic sources. This

phenomenon can be explained by the specific dynamic

behaviour of a seismic event in its fractured zone, i.e. a

near-field zone (Shearer 2009). Several ground

motions in the near-field zone have been evaluated

in hard rock mines in South Africa using synthetic

seismograms or semi-empirical models from seismic

monitoring results. In Mponeng and East Driefontein

Mines in South Africa, the near-field ppv was evalu-

ated as 0.34–0.46 m/s, caused by seismic events in the

local magnitude of 1.2–2.4 (Cichowicz 2001). Inten-

sive near-field ppv of up to 5.88 m/s was recorded in a

deep mine in the US at about 3 km depth (McGarr

1991). In the East Rand Proprietary Mines in South

Africa (ERPM), a lower near-field ppvwas found from

events of - 0.76 to 1.40 in local magnitude, which

ranges from 5.4 9 10–4 m/s to 6.25 9 10–2 m/s

(McGarr et al. 1981). Ground motions in the near-

field zone have also been surveyed via specially

designed sensors attached on the excavation surface,

which can record high amplitude vibration induced by

nearby events. Dubiński and Mutke (1996) sum-

marised that the near-field ppv in USCB coal mines is

between 0.01 and 10 m/s, and the corresponding stress

increase is from 0.1 to 50 MPa. It has been reported

that in several hard rock mines in South Africa, near-

field ppv driven by the failure of intact rock can be up

to 3.0 m/s, and a dynamic stress drop on previously

failed shear planes can cause a near-field ppv of 0.1 m/

s (Milev et al. 2002). However, due to the complicated

calculation procedure and limitations in monitoring

sensors, ground motions in near-field zones are still

excluded in regular ground motion analysis, which

becomes one of the major deficiencies for ground

motion analysis that needs to be addressed (Kaiser and

Cai 2013a). Since the enormous vibrations and

potential damage to underground openings, the inten-

sity of ground motions in near-field zones needs to be

estimated and considered for coal burst forecasting

and control.

Therefore, this paper investigated the ground

motion characteristics of seismic events in both far-

field and near-field zones, and further explored their

relationships with the impending coal burst hazards.

Based on the seismic data in a burst-prone coal mine,

the ground motion intensities of seismic events and

coal bursts were compared with the published data in

other mines. By estimating dynamic stresses induced

by ground motions, the triggering mechanism of coal

burst damage was discussed. According to the cumu-

lative damage that ground motions have caused to the

surroundings of a mine opening, the link between

historical ground motions and coal burst damage was

established. A new index named the Number of High

Ground Motions (NHGM) was also proposed to assess

actual coal burst damage.

2 Background

2.1 Near-field and far-field zones of seismicity

The onset of a seismic event is associated with a stress

drop and energy release on the ruptured plane, which

is commonly assumed as a circular area with source

radius r0. There are significant differences in the rock

deformation behaviour between the zones within and

outside the source radius of a seismic event (see

Fig. 1). Within r0 to the source, the rock mass has

permanent displacement and stress change. The

intensive ground motions may even cause visible

damage to the excavation. For the zone with a distance

between r0 and 2 r0 to the source, strong ground

motions could cause a stress change that may affect

adjacent fractures (Kaiser 1996). Therefore, a near-

field zone of a seismic event is defined as the zone

within twice of its source radius. On the other hand, the

far-field zone is defined as outside twice of the source

radius. In the far-field zone, the radiated seismic waves

from the source can only cause non-permanent

displacement and stress change, and the ground

motions are usually inversely proportional to the

distance from the source. As a result, the types of

ground motion that excavation undergoes depends on

the distance between the excavation and the hypocen-

ter of a seismic event. In this study, the source radius is

estimated by an empirical equation proposed by Jager

and Ryder (1999) based on the experience in South

African underground mines:

r0 ¼ 10ð1þML=2Þ=2 ð1Þ

123

Geomech. Geophys. Geo-energ. Geo-resour. (2022) 8:39 Page 3 of 18 39



whereML is the local magnitude of the event. Based on

Eq. 1, the source radii of seismic events range from 1

to 25 m when seismic energies range from 1 to

10,000 kJ. As most of the seismic events in under-

ground coal mines have energies around 100 kJ, the

equivalent source radii are commonly smaller than

5 m.

2.2 Ground motions in far-field zones

Theoretically, ground motions induced by seismic

events in far-field zones are positively related to the

seismic energy and decay as the distance increases

from the seismic source (Mendecki 1996; Shearer

2009). To approximate ground motion intensity of a

seismic event in the far-field zone, ppvR (unit: m2/s) is

usually used. ppvR is the peak particle velocity (ppv)

of the recorded seismic wave from geophones multi-

plied by the hypocentral distance R, the distance

between the event and individual geophones in an

array (Kaiser and Maloney 1997). Due to different

source mechanisms, the wave radiation pattern of a

seismic event in the far-field zone is complicated and

directional, rather than in a simple spherical pattern,

which causes different ppvR readings among geo-

phones (see Fig. 2a). For seismic risk assessment and

ground support design, it is necessary to consider the

most critical seismic loadings. Hence, only the
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Fig. 1 Characteristics of

displacement and ground

motion in rock mass at the

near-field and far-field zones
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geophones that fully convey seismic energy in the

maximum radiation direction are selected in this study

(Kaiser and Cai 2013a). Figure 2b shows an example

of ppvR results of different geophones from a seismic

event. Geophone #3 has a higher ppvR compared to

others although its location is not the closest. This

means, compared with other geophones, the seismic

wave received by Geophone #3 is most likely to be the

peak or approximate to the peak of the radiation

pattern. Thus the ppvR recorded by Geophone #3 is

used to describe the ground motion intensity of this

seismic event in the far-field zone. If an excavation is

located in the far-field zone of a seismic event, the

induced ground motion that the excavation undergoes,

named as ppvfar�field, can be estimated using Eq. 2:

ppvfar�field ¼
ppvR

d
ð2Þ

where d is the distance from a seismic event to the

nearest roadway, or ‘event–roadway distance’ for

short (see Fig. 2a).

2.3 Ground motions in near-field zones

As event–roadway distance is smaller than twice of the

source radius, the excavation may experience inten-

sive near-field ground motions. Due to the different

radiation and attenuation characteristics, the intensity

of a seismic event in the near-field zone cannot be

simply described as ppvR. Although it is difficult to

directly measure near-field ground motions, it is

possible to have an estimation by using analytical

equations derived from synthetic seismograms or/and

semi-empirical models. In this study, the method

proposed by McGarr (1991) is adopted, which relates

)b(  )a(

v

v

Sandy 

mudstone

Sandy 

Mudstone

Sandstone

Sandstone

No.5 

Coal seam

with 3 mining 

layers

2 m

15 m

15 m

25 m

4
0
 m

1
3
 m 8
 m

Fig. 3 a LW250105 layout

and b stratigraphic column

123

Geomech. Geophys. Geo-energ. Geo-resour. (2022) 8:39 Page 5 of 18 39



near-field ground motion to geophone recordings.

Within the near-field zone of a seismic event, there are

many asperities on the rupture plane. Each asperity

failure can be regarded as a sub-event producing one

single sine seismic wave (Boatwright 1988). The

patterns of seismic waves from geophone readings are

thus the combination of sine waves from multiple

asperity failures. The ground motion in each asperity

failure, i.e. near-field ground motion, equals half of its

slip velocity, which is the velocity of one side of the

asperity with respect to the other side (Mendecki

2016). The maximum slip velocity of the asperities

can be calculated using hypocentral distance R and

peak particle acceleration (ppa), which is the deriva-

tive of velocity waveforms from geophone readings.

After considering the above factors, for an excavation

located in the near-field zone of an event, the ground

motion (hereafter referred to as ppvnear-field) can be

calculated by Eq. 3 (McGarr 1991):

ppvnear�field ¼ 1:28ðCs=GÞqRppa ð3Þ

where CS is shear wave velocity, q is rock density, and

G is rock shear modulus. As the near-field ground

motion is directly induced by the local rock failure, it

can be used as an indicator to describe failure

intensity.

3 Overview of the case study site

3.1 Geology

The case study site, Huating Coal Mine, is a typical

burst-prone coal mine in Gansu Province, China. Over

200 coal bursts have been reported since 2008.

According to the regional in-situ stress measurements,

the in-situ stress is dominated by horizontal stress in

this mine, which is approximately 1.2 times the

vertical stress (Ju et al. 2019). The target coal seam

to be extracted is No. 5 Coal Seam, which is

550–800 m deep with a dip angle between 1� and

15�. The coal seam has an average thickness of about

40 m. Thus, it is designed to be mined out in three

slices, and the longwall top coal caving method is used

for each layer (see Fig. 3b). The mining height in each

layer is 13 m, including 5 m in cutting and 8 m in

caving.

The study longwall panel LW250105, is the upper

layer panel of No. 5 Coal Seam, with a length of

2,000 m and a width of 200 m (see Fig. 3a). The panel

started to retreat from the start-up position in March

2014 and stopped at the completion position in May

2016. LW250105 is overlaid by 15 m and 25 m thick

sandy mudstone and sandstone units, respectively.

Different from conventional mine designs, the tailgate

of LW250105 was developed using the ‘‘gob-side

entry driving’’ method (GED) (Wu et al. 2018). This

method aims to reduce the coal losses in wide chain

pillars in order to meet the minimum recovery ratio

requirement. As a result, only a 6 m-wide rib pillar

was left between LW250105 tailgate and the goaf

created by the previous longwall panel, LW250103.
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Fig. 4 Examples of waveforms captured by a roadway

geophones and b distant geophones

Table 1 Mechanical properties of coal and rock mass in LW250105

Wave velocity (average) Coal uniaxial compression strength (UCS) Coal density (q) Coal shear modulus (G)

P-wave (Cs) S-wave (Cp)

3600 m/s 2080 m/s 13.7 MPa 1320 kg/m3 1.15 GPa
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The rib had limited loading capacity and was mainly

used to insulate the tailgate and goaf. The rib width

was determined based on the distribution of abutment

stresses induced by longwall retreat on the goaf-side

coal seam. The tailgate was designed to be in the

‘‘destressed zone’’ to avoid stress-induced damage and

ensure its stability (Bai et al. 2015). Although GED

method has been applied in several Chinese coal mines

(Zhong et al. 2012; Jia et al. 2014; Qian et al. 2014),

the LW250105 tailgate experienced high risks of coal

burst caused by strata breakage and strong ground

motions.

3.2 Seismic monitoring system

The seismic activity in Huating Coal Mine was

continuously monitored by a total of 16 single

vertical-component geophones in the mine. Six

geophones were installed in the tailgate and the

maingate, which are named roadway geophones and

moved along with the retreating face. Since these

roadway geophones are near to the seismically active

zone, the waveforms received by them usually have

large amplitude and little noise. As the high waveform

amplitude may be beyond the geophone measurement

range of ± 0.64 mm/s, some seismic signals are

truncated by the roadway geophones thus the recorded

waveform are incomplete (see Fig. 4a). Hence the

roadway geophones are mainly used for locating

seismic events by picking up a clear P-wave arrival

time. Another ten geophones are named distant

geophones, which were placed 2–4 km away from

the working face. Due to the attenuation over the long-

distance, most of the waveforms received by the

distant geophones are complete with amplitudes

within the geophone measurement range. Thus, the

Table 2 Coal bursts characteristics in LW250105

No. Date Seismic

energy (kJ)

ppvR
(m2/s)

Local

magnitude

Source

radius (m)

Damage length

of roadway (m)

Epicentral distance

from coal burst to

damage zone (m)

ppvnear-field (m/s)

1 8-Apr 28,600 1.08 1.78 38.41 60 135 0.77

2 13-Apr 180 0.19 0.30 7.10 20 8 0.03

3 17-Apr 770 0.42 0.72 11.50 60 98 0.04

4 24-Apr 1860 0.50 0.98 15.46 30 42 0.23

5 29-Apr 2960 0.80 1.11 18.03 32 90 0.27

6 27-May 1220 0.37 0.86 13.42 40 29 0.20

7 3-Jun 2350 0.63 1.05 16.70 20 14 0.08

8 27-Jun 1780 0.57 0.97 15.22 60 27 0.28

9 10-Jul 1780 0.78 0.97 15.22 40 104 0.03

10 29-Jul 94 0.18 0.12 5.71 20 47 0.09

11 2-Aug 180 0.45 0.31 7.13 40 140 0.01

12 6-Sep 340 0.24 0.49 8.75 30 17 0.14

13 7-Sep 550 0.45 0.63 10.30 60 27 0.22

14 12-Sep 130 0.41 0.21 6.39 30 15 0.05

15 15-Sep 470 0.29 0.58 9.79 30 44 0.12

16 16-Sep 1110 0.42 0.83 13.00 30 0 0.21

17 22-Sep 88 0.12 0.10 5.58 30 0 0.02

18 27-Sep 620 0.40 0.66 10.68 20 28 0.05

19 6-Oct 53 0.22 -0.05 4.72 22 16 0.01

20 11-Oct 1860 0.53 0.98 15.45 50 65 0.05

21 25-Oct 57 0.16 -0.03 4.84 19 145 0.09

22 16-Nov 140 0.25 0.22 6.44 20 10 0.11

23 3-Dec 170 0.30 0.28 6.92 40 148 0.77

24 13-Dec 1320 0.34 0.88 13.78 20 46 0.03
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distant geophones are mainly used for source param-

eter calculation. However, because of the goaf and

geological structures that seismic waves may pass

through, the waveforms recorded from the distant

geophones are commonly mixed with more noise than

those of the roadway geophones (see Fig. 4b).

Because the seismic monitoring for LW250105 only

commenced in April 2014, seismic events and coal

bursts between April and December 2014 were used

for this paper.

Several mechanical properties used for ground

motion analysis are shown in Table 1. The seismic

wave velocity is calculated and calibrated by in-situ

seismicmonitoring for locating purposes. The uniaxial

compressive strength of the coal (UCS), coal density

and shear modulus are derived from laboratory tests.

The test results in Table 1 are the average values.

3.3 Coal bursts

During the study period, LW250105 had 24 coal bursts

recorded on the tailgate side, and their characteristics

are listed in Table 2. These coal bursts have seismic

energy magnitudes ranging from 87.6 to 28,600 kJ,

and their expected source radii are between 4.72 and

38.41 m. The burst-induced roadway damage

included instantaneous floor heave, rib convergence,

and ground support failure. The damage areas covered

most of the tailgate, with lengths ranging from 20 to

60 m, and many of them experienced burst damage

more than once (see Fig. 5). It indicates that high-

stress concentration around roadway surroundings had

not been sufficiently released after coal bursts and

rebuilt rapidly during progressive mining activities.

This is in contrary to the believe that it cannot burst

again once the rock mass is damaged. Further failure is

considered to have occurred in the elastic zones

outside the damaged zones.

According to Sect. 2.1, damage zones experienced

ground motions from coal bursts in either far-field or

near-field zone, which are analogous to the terms

‘indirect burst’ and ‘direct burst’ in other researchers’

work (Gibowicz and Kijko 1994). If coal bursts

located far away from the roadway, the induced

ground motions in the far-field zone play a role of

triggering damage in the high-stress area around the

roadway. For roadways located in the near-field zone

of coal bursts, the instant fractures and rock failures

within the near-field zone of the source can directly

cause violent vibrations and severe burst damage. In

this condition, coal bursts could be the source of the

roadway damage rather than a trigger (Kaiser and Cai
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2013b). Based on the source radii and epicentral

distances to damage zones (see Table 2), most of the

coal bursts were reported close to the damage zones in

the tailgate (see Fig. 5). It means that many of the coal

bursts could occur near the damage zone and cause

near-field ground motions. To investigate the impacts

of coal bursts to roadway damage, ground motions of

coal bursts in both the far-field and near-field zones

were investigated.

4 Ground motion characteristics in LW250105

4.1 Ground motions in the far-field zones

Nearly 10,000 seismic events in LW250105 are

recognised as causing ground motions in far-field

zones to the roadway. Figure 6 shows the relationship

between ppvR and seismic energies. The ppvR of

seismic events ranges from 3.1 9 10–5 m2/s to 1.6 m2/

s. The highest ppvR is from a seismic event with

energy magnitude of 87 kJ, located 45 m away from

the roadway. In this paper, the scaling law is used to

indicate the relationship between ppv and seismic

source intensity as a function of the distance R from

the source (Perret 1972; McGarr 1984; Kaiser and

Maloney 1997). According to the scaling law, the

relationship between average ppvR and seismic energy

(ES) can be determined using the least-squares

regression line in Fig. 6:

lg ppvRð Þ ¼ 0:24lg ESð Þ � 1:86 ð4Þ

Based on Eq. 4, a scaling correlation map was

plotted in Fig. 7a showing the average ground motion

intensities in the far-field zone with varying seismic

energies and hypocentral distances. For example, a

seismic event with 1 kJ energy is expected to induce

0.001 m/s ppv at about 80 m away from the source. To

compare the differences of ground motion intensities

between coal mines and hard rock mines, the ground

motion intensities recorded at hard rock mines, the

gold mines in Klerksdorp Goldfield, South Africa

(Glazer 2018), are also presented in Fig. 7b. Due to the

higher magnitude of seismic energies, ground motions

of more than 1 m/s could be experienced in hard rock

mines. However, with the same energy level and

hypocentral distance (shown as the zone with the red

dashed line in Fig. 7b), seismic events in coal mines

can produce higher ground motions than that in hard

rock mines. For example, to induce ground motions of
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0.01 m/s from 10 m away from the source, a seismic

event should have energies of 1 MJ in hard rock mines

but only about 10 kJ in LW250105. It means that for

the same ground motion level, the energy of seismic

events in coal mines can be as much as 100 times

higher than that in hard rock mines.

The ppvR of studied coal bursts in LW250105

ranges from 0.12 to 1.09 m2/s, which only shows a

moderate intensity compared to that of seismic events

with similar energy level. Figure 8 displays ppvR

intensities between LW250105 coal bursts (marked

with red), USCB coal bursts concluded by Dubinski
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and Mutke (1997) (marked with green) and rockbursts

summarised by McGarr (1991) (marked with blue).

USCB coal bursts cover a broad range of energy level

from 0.6 kJ to more than 34,000 MJ, and the maxi-

mum ppvR is 14.13 m2/s. Rockbursts have an overall

higher energy level than coal bursts, and the maximum

ppvR can be up to 25.9 m2/s. Compared to USCB coal

bursts and rockbursts, the coal bursts recorded in

LW250105 have lower energy levels and ppvR

intensities. This suggests that the coal bursts in

LW250105 were more easily triggered by seismic

events than that in other mines in the literature.

Figure 9 shows the ppvfar-field induced by seismic

events and coal bursts in different ranges of event–

roadway distances. The ppvfar-field of seismic events

ranged from 2.16 9 10–6 m/s to 0.10 m/s, and the

maximum ppvfar-field was induced by a 28 kJ event

which occurred 12.61 m away from the roadway. The

ppvfar-field of coal bursts ranged from 1.93 9 10–3 m/s

to 0.017 m/s, with event-roadway distances varying

from 24 to 157 m. Although the average ppvfar-field of

coal bursts is higher than 80% of seismic events, the

peak ppvfar-field is still lower than that of nearly 600

seismic events, constituting more than 5% of the total.

Most of the intensive ppvfar-field of higher than 0.01 m/

s were induced by the events located within 20 m to

the roadway (see Fig. 9a). Few intensive ppvfar-field
were observed from events located more than 40 m

from the roadway (see Fig. 9c, d, e, f).

The trend of ground motions in each event–

roadway distance range can be represented by a

power-law relationship:

lg ppv ¼ a lgES þ b ð5Þ

where a is the slope of the fitted trendline, indicating

the difference of ground motions between events at

different energy levels. b is the intercept/cut-off of the

trendline showing an overall ground motion level. The

black lines in Fig. 9 are the best-fit power-law

trendlines between ppvfar-field and seismic energy.

The result shows a lower a and a higher b in Fig. 9a

than that in Fig. 9b * f. It indicates that seismic

events located less than 20 m from the roadway have

generally higher ppvfar-field, which also cover a high

energy magnitude range. For example, ppvfar-field
larger than 0.01 m/s can be induced by these seismic

events with an energy level from only 0.02–400 kJ. It

implies that ground motions in the far-field zone

induced by a seismic event closer to the roadway can

be more intensive and less influenced by seismic

energy. Figure 9b * f also shows that the ppvfar-field
induced by certain coal bursts are even lower than

many of the seismic events with the same energy

levels. The results imply that most of the ppvfar-field of

seismic events and coal bursts are far below the risky

ground motions criterion in USCB, i.e. 0.2 m/s (Dou

et al. 2016). Therefore, it can be postulated that the

coal bursts in LW250105 were less likely initiated by

ppvfar-field.

4.2 Ground motions in the near-field zones

410 seismic events were found to produce ground

motions to roadways in the near-field zone, including

83 events to the maingate and 327 to the tailgate.

Figure 10 is the ppvnear-field results of these seismic

events and the studied coal bursts. The seismic events

produced ppvnear-field from 7.64 9 10–4 m/s to 0.35 m/
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s, with a large energy magnitude ranging from 0.25 to

2350 kJ. The average ppvnear-field is 0.076 m/s, which

is nearly 20 times higher than the average ppvfar-field,

5.0 9 10–3 m/s. For the purpose of hazard forecasting

and control, we focus more on the highest ground

motion in extreme conditions at each energy level.

Therefore, the upper bound limit of ppvnear-field at 90%

confidence was plotted as a blue line in Fig. 10, and

this boundary can be defined in the following

equation:

lgðppvnear�fieldÞ ¼ �2:0
þ 0:26 lgðESÞ ð 90%confidenceÞ

ð6Þ

Based on Eq. 6, a seismic event with 1 kJ energy

can potentially produce 0.06 m/s ppvnear-field, and a

seismic event with 1000 kJ energy is expected to have

up to 0.36 m/s ppvnear-field.

Due to the higher energy magnitude and peak

particle acceleration in the seismogram, coal bursts

produced more intensive near-field ground motions

than seismic events. ppvnear-field of coal bursts ranged

from 0.01 m/s to 0.77 m/s, and the average is 0.13 m/

s. Similar results were presented by Cichowicz (2001)

and McGarr et al. (1981), which suggest that the

ground motions in the near-field zone can vary from

5.4 9 10–4 m/s to 0.46 m/s. The most intensive

ground motion in the near-field zone was induced by

the coal burst on 8 April 2014, which released seismic

energy of 28,600 kJ and caused 60 m-long damage in

the LW250105 tailgate. Compared with the hazardous

seismic events at the East Rand Proprietary Mines in

South Africa (McGarr 1991), the overall ppvnear-field of

the coal bursts is lower than that of hazardous events in

hard rock mines (see Fig. 11).

Figure 12 shows the result of average intensities of

ground motions in both far-field and near-field zones

and the number of events in different ranges of event-

roadway distances. From this figure, there is no

general trend of the average ground motions in the

near-field zone along with the increase of event-

roadway distance. The peak average ppvnear-field of

0.13 m/s was induced by the seismic events with

event–roadway distances between 10 and 20 m, rather

than the ones with event–roadway distances less than

10 m. It indicates that the zone with event–roadway

distances between 10 and 20 m was under intensive

static loads, since the failure of the critically stressed

rock mass is more likely to accelerate vibrations and

cause higher ground motions in the near-field zone

(Mendecki 2016). For all the ranges of event–roadway

distances, the average ppvfar-field is much lower than

ppvnear-field, with values from 0.033 m/s when the

event-roadway distance is less than 10 m to 0.002 m/s

when the event–roadway distance is larger than 40 m.
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4.3 Dynamic stress

The equivalent dynamic stress induced by ground

motions to the roadway can be estimated by Eq. 7

(Kaiser 1996):

Drd ¼ nCSq � ppv: ð7Þ

In this equation, q is the material density, CS is the

shear wave velocity in the material, n is a constant

ranging from -4 to 4, which is related to wave

incidence angle. Since the most unfavourable condi-

tions should be firstly considered for burst risk

management in mines, n equal to 4 is adopted, which

represents 45� incidence of the seismic wave relative

to the maximum principal stress (Kaiser 1996).

Figure 13 shows the results of dynamic stresses

induced by ground motions from seismic events and

coal bursts, and the coal UCS (uniaxial compression

strength) here is used as a reference. It shows that most

of the low-intensity dynamic stresses are induced by

ground motions in the far-field zone, and medium–

high intensity dynamic stresses are dominated by

ground motions in the near-field zone. Nearly 80% of

the seismic events, with ground motions to roadways

less than 0.009 m/s, induced dynamic stresses less

than 0.1 MPa. Such a low transient stress increment in

coal can be ignored if compared to the coal UCS,

13.7 MPa. Only top 1% ground motions produced

dynamic stresses more than 10% of coal UCS,

1.37 MPa. Considering that the strength of the coal

mass is commonly lower than UCS due to the natural

jointing and fracturing, such intensity of dynamic

stresses is likely to initiate the instability and failure of

critically stressed coal. The maximum dynamic

stresses of ground motions that seismic events and

coal bursts produced are 2.95 MPa and 8.48 MPa,

respectively, which are 0.2–0.6 time of the coal UCS.

The results demonstrate that most ground motions

cause negligible dynamic impacts on roadways, and

coal bursts in this condition may only occur when the

coal and rock mass are already critically stressed. But

if ground motions are significantly large, it is still

possible to initiate dynamic failure in mine openings

by a considerable dynamic stress transmission.

5 Correlation between historical ground motions

and burst damage

5.1 Number of high ground motions

It has been suggested in the Introduction that ground

motions have a cumulative impact on increasing

support vulnerability and burst damage risks around

excavations. As indicated in Sect. 4, ppvnear-field
presented a much higher ground motion intensity than

ppvfar-field in the studied case. However, the current

ground motion analysis for burst hazard forecasting

and control commonly excludes near-field sources

(Cai and Kaiser 2018). The ignorance of near-field

ground motions can underestimate the cumulative

damage induced by seismic events, which may cause

unexpected roadway instability to coal burst. There-

fore, to comprehensively assess coal burst risks by

using both far-field and near-field ground motions, an

index called the number of high ground motions

(NHGM) was proposed to investigate the relationship

between the frequencies of intensive ground motions

recorded in the past and actual burst damage observed

in roadways.

NHGM records the cumulative number of historical

ground motions on roadways that are larger than a
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given threshold. The roadway length is discretised into

several small sections (in 10 m interval), and within

each section i, NHGM is calculated as:

NHGMðiÞ ¼
Xq

j¼1

yðjÞ; . . .yðjÞ ¼ 1 ðppvj � ppvkÞ
0 ðppvj\ppvkÞ

�

ð8Þ

In the above equations, ppvj is the ground motion

resulting from the jth seismic event, q is the last

seismic event recorded. ppvk is the threshold for

NHGM to filter out low-intensity ground motions. As

seismicity and ground motions are highly site-depen-

dent, ppvk can vary among different underground

mines. For the study site, the ppvk is set as 0.01 m/s,

which is about the 85th percentile of all ground

motions. With the longwall face retreating, more

sections in the roadway ahead of the working face will

move into the seismically active zone and theirNHGM

start to be registered and increase. This study adopts

daily NHGM assessment, and it only considers the

roadway sections ahead of the working face that has

undergone ground motions Thus, the number of

sections in NHGM results may varies between differ-

ent dates.

As NHGM is a parameter derived from seismic

events, its value is related to the active degree of

seismic events. The factors controlling the active

degree of seismic events includes stress conditions,

geological structures, mining rate, seismic monitoring

quality at the time, pre-destressing operations, etc. As

these factors vary along with the mining process, a

significant difference in the active degree of seismic

events between different periods may present, which

usually results in a bias on seismic parameters. Since

the mining conditions and the active degree of seismic

events are varying over time, identical NHGM over a

given period may not indicate the same coal burst

risks. To remove bias and assess coal burst risks in

general, a normalised NHGM is required. Therefore,

the NHGM within each section i was further
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normalised by NHGMmax, which is the maximum

NHGM of the daily NHGM result:

RNHGMðiÞ ¼ NHGMðiÞ=NHGMmax ð9Þ

5.2 Back analysis

Ground motions from all seismic events at LW250105

panel are used to calculate NHGM at the tailgate. 24

coal burst incidents with detailed reports on actual

burst damage zones in the tailgate are used. The

NHGM results for each incident is calculated using the

seismic data from April 2014 to the day before the

onset of the coal burst. Figure 14 is an example of

NHGM distribution in the tailgate ahead of the

longwall face (outby), before the coal burst occurrence

on 6 September 2014. NHGM is calculated as 6 * 10.

The NHGM distribution shows high values within

50 m away from the longwall face, and a downward

trend is presented as further increasing the distance to

the face. Figure 14 shows that the tailgate within 50 m

away from the longwall face has a relatively higher

instability than other zones due to the intensive ground

motions that section experienced. The burst damage

zone was located in the highest NHGM zone where

RNHGM is 1. It indicates that coal burst damage has a

strong correlation with high RNHGM values in this

example.

Figure 15 shows the RNHGM results and the actual

damage zones in LW250105 tailgate induced by 24

coal bursts. For better visualisation, the RNHGM

distributions are presented as colour bars. The bottom

of the colour bar represents the latest longwall face

position before a coal burst occurrence. Only 20 coal

bursts have the RNHGM results for this analysis. No

RNHGM can be calculated for the coal bursts on 8 April,

13 April, 16 September and 13 December, as the

damage zone caused by them were outside the seismic

active zone. The RNHGM results of damage zones in

Fig. 16 shows that 65% (13/20) of the burst damage

occurred in the zone with the maximum RNHGM larger

than 0.6. Also, about 45% (9/20) of the burst damage

zones have the maximum RNHGM larger than 0.8. It

indicates that the roadway zone with higher RNHGM

values has higher burst damage risk.

The results in Fig. 16 indicates that roadways with

RNHGM larger than 0.6 can be in high burst risk due to a

deep failure of surroundings and high vulnerability of

support systems. Therefore, RNHGM of 0.6 is suggested

as the threshold to identify potential burst damage

zones. The procedure of calculating RNHGM and

identifying potential burst damage in a roadway

section (i) is shown as a flow chart in Fig. 17.

However, there are some burst incidents before May

2014 with no RNHGM result or with values lower than

0.6. One of the main reasons could be the high

magnitude of completeness during the period. The

magnitude of completeness (mc) is used to describe the

integrity of seismic data, which is the minimum

magnitude at which seismic events can be reliably

recorded. Based on the Gutenberg–Richter

Fig. 17 Flowchart of RNHGM calculation and burst damage

potential identification for a roadway section
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Frequency–Magnitude relationship, the frequency and

magnitude of seismic events follow a power-law

distribution. Therefore, mc as the peak value (as an

example shown in Fig. 18a) indicates the minimum

magnitude of events that can be fully detected using

the current monitoring system. In order to assess the

integrity of the seismic data, the energy of seismic

events recorded before each studied coal burst event is

first transferred to local magnitude by Ryder and Jager

(2002):

logES ¼ 1:5ML � 1:2 ð10Þ

where the unit of seismic energy ES is MJ. Then themc

for individual burst cases can be derived, which are

plotted in Fig. 18b. This figure shows that a relatively

high mc with values up to 0.15 was presented in April

2014. It indicates that the seismic events with mag-

nitude lower than 0.15, equivalent to about 105 kJ,

were only partially detected during the period.

According to the ground motions results in Sect. 4,

seismic events with such intensities can generate

ppvfar-field of up to 0.014 m/s and ppvnear-field of

0.085 m/s. Therefore, the low detection probability

of these events can lead to a bias in RNHGM results.

From June 2014, mc decreased and fluctuated at

around- 0.15, showing the better integrity of seismic

data, which contributes to more reliable RNHGM results

with less bias.

6 Conclusions

In this paper, a comprehensive ground motion analysis

was implemented to explore dynamic impacts from

seismic events on roadways and their relations with

coal burst damage. The ground motions that roadways

have undergone in both near-field and far-field zones

have been quantified. The ground motion-induced

cumulative damage in roadway surroundings have

also been illustrated by the proposed index (NHGM).

The results indicated that ppvnear-field has an overall

much higher intensity than ppvfar-field. Compared with

the rockbursts recorded in literatures, both ppvfar-field
and ppvnear-field of the coal bursts had much lower
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intensities. However, for seismic events at the same

energy level, ground motion intensities in coal mines

can be nearly 100 times higher than that in hard rock

mines. In most cases, ground motions only generate

negligible dynamic impacts on roadways, and coal

bursts may be triggered when the coal and rock mass is

already critically stressed. But for some significant

ground motions, they may contribute to producing

considerable stress increment and initiating dynamic

failure. The NHGM results demonstrated that coal

bursts had a higher possibility to occur in higher

RNHGM zones, i.e. the zone that has experienced more

cumulative damage from past intensive ground

motions. A low detection probability of the seismic

monitoring system may lead to the failure of applying

NHGM to assess coal burst risks. This study can

contribute to providing a powerful tool for coal burst

forecasting and roadway instability assessment in

ground motion terms.
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