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Abstract Coal mine goafs are distributed widely

across many parts of the world and their stability is a

major cause for concern, particularly when designing

new infrastructure. To reduce risk, the coal mine goafs

are often stabilized using cement grout and such

operations can be very expensive and difficult to

verify. This paper uses the finite element method to

examine the relative influence of a number of key

factors controlling the stability and surface deforma-

tions of shallow, horizontal coal mine goafs overlain

by sedimentary rock. Representative ranges in the

stiffness and strength characteristics of coal and rock

are examined and each material is assumed to satisfy

the Hoek–Brown failure criterion. The analyses show

that, for a typical maximum coal extraction rate of

40%, the critical goaf span varies linearly with the

depth of the coal seam (for the maximum depth

investigated of 45 m) and increases with the compe-

tency of the overlying rock. A relationship combining

the rock quality and the ratio of the critical goaf span to

the depth of the coal seam is proposed to enable

assessment of abandoned coal mines with marginal

stability. This relationship is shown to be consistent

with observations made in two coal mining case

histories.

Keywords Small coal mine goaf � Critical goaf
spans � Hoek–Brown failure criterion

1 Introduction

There is an abundance of abandoned small coal mine

workings around the world and those mined over the

last number of centuries are currently of major concern

to developers, where suitable land is in short supply.

For example, in the Shanxi province in China, Lee

(2016) reports of plans to move 650,000 residents

from unsafe old mining regions. The small coal mine

workings are distributed randomly and typically have

a relatively shallow embedment of less than 50 m.

These mines were hand excavated for many centuries

and typically have a low extraction ratio of about 40%

(Xu et al. 2015). Although the spans of the coal mine

goafs are often less that those derived from the general

room and pillar method (Bell et al. 1988), their

randomness makes prediction and evaluation of their

effects on overlying ground deformations uncertain

(Bell et al. 2000). Considerable expenses have been

incurred to deal with the potential influence of small

coal mine goafs on overlying property (Shi et al.
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2017). However, many of the measures employed

have exhibited a lack of understanding of the relative

effect of the factors influencing the ground

deformation.

The primary factors controlling the stability of

small coal mine goafs are recognized as being the

depth to the coal seam and the seam thickness, the

characteristics of the overlying rock and the hydro-

geology (National Coal Board, NCB 1975). Further

reviews related to subsidence and the impact of

subsidence above both room & pillar and longwall

mine workings are described by Bell et al. (2000)

and many others. These highlight the importance of

the properties of the rock in determining ground

deformations associated with room and pillar mine

workings as well as the geometry of the coal

extraction area and depth below the surface. Large

scale subsidence in shallow workings with low

extraction volumes usually arises due to void

migration as a result of roof rock falls, which can

culminate in the creation of crown-holes and

chimney types collapses emerging at the surface.

Such failures can occur shortly after mining oper-

ations are completed or can take many years to

develop due to effects of progressive failure. Feng

and Wu (2015) conclude that the uncertainties

related to the random nature and the variability in

goaf conditions pose the greatest challenges for

developments above abandoned small coal mine

workings.

This paper presents the results from numerical

studies with the primary aim of providing guidelines to

developers on the potential for instability above

existing coal mine goafs. The study focuses, in

particular, on the effects of the properties of the rock

above a horizontal coal seam (or seamwith a relatively

low dip angle) and the depth to this seam for a constant

(typical) extraction volume of 40%. More detailed

numerical analyses aimed at simulation of the devel-

opment of movements are presented in Li et al. (2015),

Weng et al. (2018) and elsewhere. Zhou et al. (2016)

consider steeply dipping coal mine seams.

2 Numerical Approach

The Finite Element (FE) method was employed to

perform the parametric study presented in this paper.

To obtain a conservative estimate of the potential for

instability, coal extraction was assumed to be per-

formed in long lengths of a given span width and was

hence modelled using a 2D plane strain approach.

Additional 2D axisymmetric analyses were performed

for single openings with a radius equal to half the span

width. Most analyses did not include the presence of

groundwater or water pressures but some were

performed to examine the effect of a high water table.

The general arrangement of the 2D plane strain FE

meshes employed is illustrated on Fig. 1, which shows

typical in situ small coal workings with goaf spans of

4 m and 8 m and a constant extraction ratio of 40%.

The meshes comprised about 3000 triangular elements

with a higher concentration of elements in areas with

high stress gradients, such as the corners of the goafs.

A suite of analyses was performed using the 60 m

wide mesh shown in Fig. 1, assuming span widths

(s) of 3 m, 4 m, 8 m, 12 m and 24 m and for depths to

the top of the coal seams (h) of 15 m, 25 m, 35 m and

45 m. These analyses adopted a constant coal seam

thickness of 3 m and also assumed that the vertical

boundaries of the mesh were free to move in the

vertical direction; this latter condition essentially

models a width of coal mine workings much larger

than the mesh width of 60 m. To aid interpretation,

further analyses were performed using the same

geometry as indicated in Fig. 1 but containing a single

goaf span at the centre of the mesh. These single goaf

analyses were performed assuming 2D axisymmetric

conditions.

The initial stage of the calculations involved setting

up of the in situ stresses in the ground (taking the

in situ earth pressure coefficient, K0 = 0.33). The coal

within the excavated goaf span was then replaced by

air and the redistribution of stresses and associated

deformations calculated.

2.1 Rock Modelling

Prediction of the response at the surface due to

excavation from a coal seam requires an accurate

representation of the strength of coal and the overlying

rock. Rock masses have variable joints and fractures

and the strength along such discontinuities usually

controls the response of the entire rock mass (e.g.

Goodman 1989). Marinos and Hoek (2000) developed

the ‘Geological Strength Index’ (GSI) as a measure of

rock mass properties based on its structure and

discontinuity strength. The GSI varies from a value
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of 100 for an intact rock mass to zero for a ‘soil-like’

rock containing numerous closely spaced fractures

with very low strength.

Hoek and Brown (1980, 1988) developed the

Hoek–Browne (H–B) failure criterion for rock masses,

which is an empirical relationship that extrapolates the

strength of intact rock to that of rock masses. Hoek

et al. (2002) present the latest extended version of the

H–B model, which uses the GSI directly in the

formulation. This criterion, which has been applied

successfully to rock masses for many years (Benz et al.

2008), adopts the following relationship between the

major principal effective stress (r01), minor principal

effective stress (r03) and uniaxial compressive strength

of the intact rock material (rci):

r01 ¼ r03 þ rci mb

r03
rci

þ s

� �a

ð1Þ

where

a ¼ 0:5þ 1

6
exp

�GSI

15

� �
� exp

�20

3

� �� �
ð2Þ

s ¼ exp
GSI � 100

9� 3D

� �
ð3Þ

As indicated in Eqs. (2) and (3), the material

constants a and s are related to the GSI and the

disturbance factor (D); the value of D varies from 0 for

an undisturbed in situ rock mass to 1 for a rock mass

that has been grossly disturbed by man-made inter-

ventions such as blasting and excavation.

The value of mb in Eq. (1) is related to another

material constant (mi) via the following relationship:

mb ¼ miexp
GSI � 100

28� 14D

� �
ð4Þ

These formulations are used in the H-B model in

the Plaxis FE program (Brinkgreve et al. 2016), which

was used for this study. This program assumes linear

elastic rock response up to yield where the yield

function is a re-configured form of Eq. (1) i.e. the

model is elastic perfectly plastic with a strength given

by the H–B criterion. The tensile strength of the rock

mass (rt) has an important effect on the predicted

response to the excavation of mine openings and can

be derived from Eq. (1) as:

rt ¼ � srci
mb

ð5Þ

2.2 Rock Properties

An important component of this study was the

selection of appropriate properties for the coal and,

in particular, for the overlying rock. Five categories of

rock, from grade 1 to grade 5, were examined. Typical

values of the unconfined compressive strength for

intact material (rci) and the GSI for these categories

are summarized in Table 1. These values were

Fig. 1 Typical goaf configurations examined in 2-D plane strain (with 40% excavation ratio)
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assessed from recommendations of Hoek and Brown

(1988) and Hoek et al. (2002). The empirical factor

(mi) for the intact rock was assumed to be 12, which is

the mean value of commonly quoted factors of 9 for

mudstone and 15 for sandstone. The disturbance factor

(D) was set equal to zero for the rock as the coal was

hand-excavated (Hoek et al. 2002) and the Young’s

modulus (E) was calculated as 200 rci, which is a

typical multiple of rci for sedimentary rocks (Good-

man 1989).

Fractures (or cleats) in coal usually occur in two

sets that are generally mutually perpendicular and also

perpendicular to the bedding (e.g. Laubach et al.

1998). Coal is often classified in terms of its brightness

with the brightest coal having cleats at a typical

spacing of a few millimetres and dull clays being hard

and blocky (with widely spaced cleats). Medhurst and

Brown (1998) report on triaxial tests on coal samples

of between 60 and 300 mm in diameter to investigate

the effects of cleating on the mass strength and

developed the H–B parameters as indicated in Table 2.

As for the rock samples the Young’s modulus was

calculated as 200 rci.
Tensile strengths derived using Eq. (5) are sum-

marized in Tables 1 and 2 for the selected H–B

parameters. While the predicted ratio of the compres-

sive to tensile strengths for the coal of 16–38 are

within the expected range for intact rock (e.g. Sheorey

1997), corresponding ratios for the rock reduce from

about 25 for very good quality rock to about 2000 for

poor quality rock, reflecting the deterioration of tensile

strength with reducing GSI.

It should be noted that the H–B model does not

capture on-going development of voids due to pro-

gressive failure arising from strain softening of the

rock material. The analyses presented here therefore

provide an indication of the initial movements and

collapse potential above a mine opening and do not

model time dependent deterioration of the mine. More

detailed analyses of goaf stability described by Weng

et al. (2018) show that a combination of tension

weakening (represented as a reduction in GSI and

hence rock modulus) with a double yield model to

simulate the mechanical behavior of caved rock

compaction provides a better description of the

development of subsidence than strain-softening mod-

els using the Mohr–Coulomb failure criterion, such as

reported by Li et al. (2015).

3 Numerical Observations

The 2D plane strain analyses were performed for the

full range of goaf spans (s) and depths of coal seams

(h) referred to earlier and for all five rock types with

properties given in Table 1. Initial calculations using

the properties of the four categories of coal indicated

in Table 2 showed that there was virtually no depen-

dence of the computed deformation patterns in the

rock on the selected coal category. This observation is

consistent with work of Hill (2005) who observed that

stability is controlled by the overlying rock and the

goaf span when the width to height ratio of coal pillars

is greater than about 2. The analyses were therefore

Table 1 H–B parameters

for rock types
Rock grade (G) Rock quality E (GPa) rci (MPa) mi GSI rt (kPa)

1 Very good quality(VG) 5 25 12 90 980

2 Good quality (GQ) 3 15 12 65 90

3 Fair quality (FQ) 2 10 12 44 12

4 Poor quality (PQ) 1 5 12 30 2

5 Very poor quality (VP) 0.2 1 12 20 0

Table 2 Typical H–B

parameters for coal

(Medhurst and Brown 1998)

Class Brightness E (GPa) rci (MPa) mi. GSI rt (MPa)

C5 Dull 7 35.0 16.7 100 2.1

C4/C3 Mid 6 30.2 13.4 98 1.9

C2/C3 Mid-to high 2.7 13.7 11.7 85 0.4

C2 High 1.9 9.7 8.3 80 0.25
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performed for a single category of coal, namely that of

the ‘mid-brightness’.

The computations (all of which involved a 40%

extraction rate) indicated that a stable condition could

not be achieved in Grade 5 rocks for the minimum

assumed goaf span of 3 m while all goaf spans up to

the maximum assumed value of 24 m were stable for

the Grade 1 and 2 rocks. For the other two categories

of rock considered (Grade 3 and 4), surface settle-

ments were relatively small when conditions were

stable. However, extremely large settlements occur

when the goaf span increases above a critical value.

The mechanisms are evident in the examples shown in

Fig. 2 which shows the shear strains surrounding

single and multiple goafs for stable conditions in

Grade 2 rock in Fig. 2a, c and unstable conditions in

Grade 4 rock in Fig. 2b, d. In the stable condition, the

weight of the overburden is transmitted by arching

across the span. An illustration of the arching mech-

anism is provided on Fig. 3 which plots contours of

vertical stress in the vicinity of the openings. Failure

and collapse of the roof material into the underlying

void will occur (the degree of which depends on the

fracture properties of the rock) but these minor failures

Fig. 2 Shear strain contours surrounding 12 m wide goafs
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have little impact on immediate ground settlements.

As shown on Fig. 2b, d, when the rock is of lower

strength and the goaf span is at or above a critical

value, large deformations occur at the ground surface

as the failure mechanism within the rock extends to the

surface. The mechanism indicated in Fig. 2b, d is

comparable to that suggested in NCB (1975) for the

same s/h ratio. It is also noted that while little

interaction of the shear strains in the rock above the

goafs are apparent on Fig. 2c, the deformations at

ground level are higher for cases of multiple goafs due

to elastic interaction of the displacement fields.

This interaction is illustrated on Fig. 4a, which, for

Grade 4 rock, plots the ratio of the surface settlement

due to multiple goafs of a given span (as shown on

Fig. 1) to the settlement arising from a single opening

of that span. Ratios significantly higher than unity, and

hence significant interaction, occur at low spans as the

number of mine openings is greater (given the constant

extraction ratio). The ratio reduces as the depth to the

coal seam increases and, as seen in Fig. 4b, there is a

relatively unique dependence of settlement (and the

plotted settlement ratio) on the goaf span to mine

depth ratio (s/h).

The variation of surface settlement with the goaf

span (s) is plotted on Fig. 5 for Grade 3 and 4 rocks.

Settlements are evidently larger in the Grade 4 rock.

These show a small rate of increase as the goaf span

widens up to a critical span width, above which very

large settlements occur and eventually the failure

mechanism extends to the surface occurs. The critical

span dimension increases as the depth to the coal seam

increases and as the quality of the rock improves.

4 Discussion

An interesting outcome of the finite element analyses

is the prediction of a relatively steep sided failure

mechanism as indicated in Fig. 2b, d. As a conse-

quence, very little interaction of the failure modes

associated with each goaf is predicted, provided that

the extraction ratio does not exceed 40% (which is a

practical maximum for most shallow coal mines).

Critical span widths (scrit) were derived from output

such as shown Fig. 5 and are defined here as the span

at which the rate of change of the slope of the span-

settlement relationship was a maximum. The ‘turning

points’ could be inferred by inspection and, for the

example given in Fig. 5a, scrit values of 8.7 m, 10.4 m,

12.2 m and 14.2 m are identified for respective coal

60m

60m

Fig. 3 Contours of vertical

stress in the vicinity of the

openings with a goaf span of

8 m
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seam depths (h) of depths of 15 m, 25 m, 35 m and

45 m.

The scrit values deduced for Grade 3 and 4 rocks are

plotted against the coal seam depth (h) on Fig. 6. A

clear linear variation of scrit with h is in evidence for

each rock type (15 m\ h\ 45 m). Furthermore, the

slope of the trend lines is identical, indicating the key

importance of the scrit/h ratio in the assessment of

marginal stability. It is also clear from Fig. 6 that, for

all coal seam depths, the scrit value for the Grade 3 rock

is approximately 4 m higher than for Grade 4 rock. It

is worth recalling that no failure was predicted for any

span with Grade 1 or 2 rock and no mining could be

conducted safely with Grade 5 rock.

The analyses suggest the following simple rela-

tionship can be employed to assess if an abandoned
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coal mine has marginal stability, where G is the rock

grade and the mine extraction ratio does not exceed

40%:

scrit mð Þ ¼ 0:2h mð Þ þ d ¼ 0:2h mð Þ þ 4 5� Gð Þ
5 [ G [ 2

ð6Þ

Equation (6) is illustrated graphically on Fig. 7,

and indicates that scrit can be interpreted as the span for

which the arching mechanism seen on Fig. 2a, c can

no longer develop as it emerges to the surface. The

dimension ‘d’ (= 4(5 - G)) reflects the additional

degree of arching possible in more competent rock.

Further FE parametric studies, which included

modifications to the rock properties, 2D axisymmetric

analyses and the inclusion of groundwater provided

additional insights to assist application or modification

of Eq. (6). These showed:

(1) As anticipated from inspection of the H-B

failure criterion, the value of d depends most

significantly on the specified rci and GSI

parameters in very weak rock. For example,

increasing the unconfined compressive strength

(rci) of very poor quality Grade 5 rock from 1 to

10 MPa (which is clearly not realistic) enabled

stable goafs to be excavated (with d = 2.2 m)

while increasing rci in better quality Grade 4

rock from 5 to 25 MPa only increased scrit by

about 2.5 m.

(2) The critical span width (or diameter) for goafs

which are approximately circular in plan is

approximately 50% higher than for the long

‘tunnel-type’ excavations considered in deriva-

tion of Eq. (6).

(3) When a water table at ground level is assumed,

the critical span width reduces by between 0.5

and 2 m as h increases from 15 to 45 m in the set

of analyses considered in Fig. 5.

5 Case Histories

Two small coal mine goaf projects were chosen in this

paper to examine the potential of Eq. (6) for assess-

ment of the stability of old coal mine workings.

Project #1 is in Jincheng city in the Shamxi

province, China, where extensive coal mining has

taken place over the past century. Large areas of

shallow buried goafs envelope the city and their

presence is the major consideration for developers for

the rapidly growing city. The particular area in

Jincheng examined here is at a construction site where

a coal seam exists at around 25 m depth. The geo-

investigation report sourced from the Taiyuan Design

Research Institution for the Coal Industry presents the

stratigraphy and the various rock properties at the site,

which were established through a combination of

geophysical and conventional geotechnical methods.

A summary of the profile is provided in Fig. 8a. The

coal is classified as of high brightness (Class C2) and

the mine goafs are about 6 m wide. The overlying

16 m thickness of sandstone and mudstone layers is of

fair to good quality, with an interpreted grade of 2.5.
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Fig. 7 Graphical illustration of Eq. 6
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No water inflow to the mine goafs was observed and

the water table is anticipated to be below 80 m depth.

Project #2 is located in Zibo city, Shandong

province, China. The coal seam at this site (Class

C3–C4) is at about 45 m depth and goaf spans were

estimated to be about 6–8 m wide. The stratigraphy

and rock properties were obtained from geo-investi-

gation provided by the Shandong provincial Geo-

mineral Engineering Exploration Institute, and are

summarized in Fig. 8b. Boreholes showed poor core

recovery and based on the rock core strengths, core

logs and the rock descriptions provided in the same

report, the 33 m thick rock strata overlying the goafs

was assessed to be of very poor to poor quality with a

Grade (G) of 4.5. No water was encountered in the

boreholes.

Equation (6) is represented on Fig. 9 as a variation

of scrit with rock grade for various thicknesses of rock

cover (h). The goaf width (s) and rock cover (h) for

both projects are indicated on this figure and show that

there are no concerns for Project #1 but stability is a

significant concern for Project #2 for which the

estimated goaf span is 7 m and the critical goaf span

is 5 m. These inferences are entirely consistent with

the observations at the respective sites.

Extensive coring was performed in advance of

construction in Project #1 at Jincheng and revealed no

evidence of mining induced deterioration of overlying

rock properties. However, despite confirmation of

good quality rock and an absence of any evidence of

subsidence, mine goafs were grouted at large expense

and resulted in a 1 year delay to the construction

programme; the grouting volumes injected were

consistent with an extraction rate of 30%. FE analyses

following the same methodology as described above

showed that grouting provides no benefit for the goaf

span width and rock grade at this site. In contrast and
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also in keeping with Fig. 9, major ground deforma-

tions and evidence of localized collapse for Project #2

at Zibo are reported in the geo-investigation reports.

Grouting of mine goafs was, in this instance, per-

formed to stabilize the site and allow construction of

apartment blocks. Stabilisation of old goafs using

grout is described by Wang et al. (2018).

6 Conclusion

A parametric study using the finite element method is

described to assist the assessment of the stability of

horizontal shallow coal mine goafs. It is shown that for

a typical maximum coal extraction ratio of 40% and

using an appropriate model and representative param-

eters for the rock and coal strata, the critical span width

(scrit) for a goaf is related to the capacity of the

overlying rock to arch. This capacity is deduced to be

primarily a function of the depth of rock above the coal

seam as well as the rock quality. A simple expression

to determine scrit is developed which can be used to

provide an estimate of the likelihood of marginal

stability above shallow coal mine goafs at a given site.

This expression is demonstrated to be consistent with

observations in two mining case histories.
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