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Abstract In order to evaluate the effect of established

gob coal pillars on the stress in lower rock strata, in the

context of of mining in

Jurassic coal mine in the Datong mine field, this study

theoretically analysed a collapsed roof structure in gobs of

Jurassic coal strata and the physics of concentrated loads

on coal pillars. The collapse state of roofing in the gobs

inclined with the working face and the effect of established

coal pillars on the lower rock strata were obtained. Results

indicated: a stabilised natural arch structure is formed in

Jurassic coal strata by squeezing of collapsed upper roof

blocks inclined with the working face, and the arch

springing applies a highly concentrated load on the estab-

lished coal pillars; affected by the established coal pillars,

the upper roof of multi-gob coal pillars appears to be a pier-

type structure, used as a supporting point for the upper roof

load; we propose a method of calculating the stress in the

lower rock strata imparted by the coal pillars. In the context

of mining Jurassic coal strata at the Tongxin coal mine in

the Datong mine field, the depth of the strata affected by

the concentrated stress imparted by established gob coal

pillars was calculated. The effective range of energy den-

sity concentration was also calculated.

Keywords Multi-gob � Coal pillar � Roof structure �
Stress in coal pillar � Pier structure � Linear loading

Introduction

There is a significant amount of shallow buried coal strata

in the mine fields of the Inner Mongol and Shanxi Prov-

inces. Affected by room, pillar mining and small coal pit

mining during early the mining stages, and due to the

requirement of protecting the adjacent working face, a

large amount of coal pillars were setup in the gobs of

shallow buried coal strata. With an increased mining depth,

mining of lower coal strata will be affected by gob coal

pillars of upper coal strata. At present, Jurassic coal mining

in Datong is almost complete and carbonic-age, thick and

extra thick coal are becoming the primary coal strata.

During the mining of Jurassic coal, a significant number of

boundaries and sectional coal pillars were setup between

adjacent mining wells and mining faces. When the coal

strata were excavated, the lower rock roofing collapsed

naturally and filled the space of the gob. For hard overlying

strata, a masonry beam structure (Qian et al. 1994) is

formed when the strata collapses into blocks; stability is

maintained by the extrusion action between the collapsed

blocks such that the self-weight and the weight of the

overlying rock can be sustained. A natural arch structure is

formed in the overlying strata due to horizontal extrusion

forces between blocks collapsed from the overlying strata

(Miao 1990; Wang et al. 2007; Du et al. 2011; Wang and

He 2006). Affected by the established coal pillars in the

coal strata, the weight and load of the natural arch structure

of the overlying strata are sustained by the gob coal pillars.

As a result, the established coal pillars are subjected to

loading by the overlying strata, thereby significantly
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impacting the load bearing of lower strata (Yu et al. 2014).

Research on the effect of established gob coal pillars has

been conducted: the theoretical maximum depth affected

by stress in a coal pillar under a uniformly-distributed load

obtained using an elastic semi-infinite body theory was

about 70 m (Yu et al. 2014); a mathematical model suitable

for coal pillar dimensions has been established to ensure

the stability of surface structures in regards to established

gob coal pillars (Liu and Shen 1988); with the roof and

floor of the face as the loading systems, interaction

between coal pillars in mining roadways and underlying

rock, as well as stability, have been analyzed, and the

characteristics of concentrated stress distribution in coal

pillars has been obtained via numerical analysis (Wang and

Hou 2003); the ‘‘catastrophe’’ theory has been used to

establish a cusp catastrophe model for rock burst induced

by coal pillar instability under load, and a formula for the

critical displacement used in predicting and forecasting

impact failure caused by coal pillar instability has been

obtained (Gao et al. 2005); the effect of established gob

coal pillars in swallow buried coal strata on the mining of

close-distance coal strata has been evaluated (Yang et al.

2013), etc. Presently, most relevant studies focused on the

mining of lower coal strata to evaluate if the effect of upper

coal pillars on the mining process of coal strata exists or

not and to analyse stability issues between coal pillars and

roadways. Analysis of roof collapse in gobs with estab-

lished coal pillars is rare. Therefore, mining conditions of

the Jurassic coal strata in the Datong mine fields was

selected as the background in this study; by means of

theoretical analysis, roof structures above established gob

coal pillars in Jurassic coal strata, coal pillar load-bearing

characteristics and the effect of concentrated loads in coal

pillars were evaluated. Results from this study provide a

theoretical background for analysing the effect of roof

structures and Jurassic gob coal pillars on the load-bearing

capacity of lower strata and the process of mining lower

carbonic coal strata.

Occurrence of coal strata

Packsand, coal seams, siltite, medium-grained sands, con-

glomerate rock and sandy mudstone exist between the

Jurassic and carbonic coal strata in the Datong mine field of

the Shanxi Province. Sandy rock strata comprises 90–95 %

of the lithology while muddy rock and coal strata comprise

only 5–10 %.

Using mining of the Jurassic and carboniferous coal

seams of the Tongxin coal mine as a background, the

distance between coal seams is about 150–200 m and both

seams are almost horizontal. Faces 8,202 through 8,210 of

the Jurassic coal seam were completely mined from

1979–1983; the averageseamseam thickness was about

3.5 m. The carboniferous coal seam below is about 14.7 m

on average, and the faces (such as faces 8,104 and 8,105)

are advanced in a direction perpendicular to the strike of

the mined Jurassic coal seam above. The location of

working faces in the carbonic and Jurassic coal strata in the

Tongxin coal mine is shown in Fig. 1.

Theoretical analysis

Analysis of multi-gob, pier-type roof structures

When excavation of a stope in approximately level coal

strata commences, the rock overlaying the gob collapses

into arches. When the excavation of multiple working faces

commences, the arch structure consists of collapsed over-

lying rock in multiple gobs. Affected by the supporting

action of the established coal pillars in the working faces

and the caved roof angle, the roof above the coal pillars

appears pier-like. As a result, a multi-gob, pier-type roof

structure is formed. The characteristics of a multi-gob,

rock-overlaid roofing structure is shown in Fig. 2.

In order to analyse the geometrical and load-bearing

characteristics of gob pier-type roof structures in the
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Fig. 1 Location of working faces in the carbonic and Jurassic coal

strata

14# pillarpillar coal seam

Fig. 2 Rock-overlaid, multi-gob, pier-type roof structure
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Jurassic coal strata of the Datong mine field, the balanced

structure formed when the roof of the gobs collapses is

analysed first. Dome theory is introduced to analyse the

formation of the natural arch. Geometric characteristics of

the natural arch structure after the roof in the gobs col-

lapses is shown in Fig. 3.

In Fig. 3, l1 is the width of the natural arch; h1 is the

distance from the centre of the natural arch to the floor of

the coal stratum; lt is the length of the working face in the

inclined direction; h2 is the height of natural arch; hm is the

coal strata thickness.

The geometric form of a natural arch after roof collapse

is normally elliptical (Miao 1990; Wang et al. 2007; Du

et al. 2011; Wang and He 2006). According to the geo-

metric relationship in Fig. 3, the equation for a natural arch

is given as:

4x2

l21
þ ðy� h1Þ2

h22
¼ 1 ð1Þ

According to the mechanical equilibrium of a natural

arch, the relationship between the width and height of a

natural arch satisfies (Miao 1990) that:

l21 ¼ 4gh22 ð2Þ

in which g is the coefficient of side compression.

The relationship between geometric dimensions of a

natural arch can be calculated from Eqs. (1) and (2),

combining the geometric boundary conditions in Fig. 3 as

H ¼ ht þ hm ¼ d þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2t þ 4d2
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In which

d ¼ lt tan/þ hm gþ tan2 /ð Þ
2g

; / ¼ p
4
� u

2

where: H is the distance from the top of natural arch to the

floor of the coal strata; ht is the collapsing height of the roof

in the gobs; d is the intermediate variable; / is the coal

strata caving angle; u is the internal rock friction angle.

In order to calculate the weight of the pier-type roof

structure, the area of the shaded part in Fig. 3 is first cal-

culated as:

S ¼ l1

2

Z h1þh2

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ðy� h1Þ2

h22

" #

v

u

u

t dy ð4Þ

In which S is the area of the shaded part in Fig. 3.

For ease of calculation, let sin # = (y - h1)/h2 and the

area of the shaded part can be calculated as:

S ¼ l1h2

2

Z #2

#1

cos2 #d#

¼ l1h2

4
#2 � #1 þ

1

2
sin 2#2ð Þ � sin 2#1ð Þ½ �

� �

ð5Þ

where:

#1 ¼ arcsin
l2t � 4gH2

l2t þ 4gH2

� �

; #2 ¼ p=2

As the pier-type roof rock strata and natural arch

structure in the gobs are geometrically symmetrical,

Eqs. (3), (4), and (5) can be solved simultaneously to cal-

culate the weight of the pier-type structure as:

Q ¼ c H lm þ ltð Þ � 2S½ � ð6Þ

In which: Q is the weight of the pier-type roof structure;

c is the average volume weight of the roof structure; and lm
is the reserved width of the coal pillars.

According to the load-bearing characteristics of a pier-

type roof structure between the rock-overlaid natural arch

and its weight, the load-bearing characteristics of the roof

structure is obtained and demonstrated in Fig. 4.
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Fig. 3 Natural arch roof structure in the gobs
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Fig. 4 Load-bearing characteristics of pier-type roof structures.

lt = 150 m; qy = 5.4 MPa; u = 37�; g = 1.0. The effect of coal

seam thickness and coal pillar width hm = 3.5 m, qy = 5.4 MPa,

u = 37�, g = 1.0. The effect of working face length and coal pillar

width

The effect of multi-gob, pier-type roof structures 1269

123



Due to the fact that the geometric dimensions and

techniques are similar when mining adjacent working faces

in the same coal strata, the rock-overlaid, multi-gob, pier-

type roof structures are similar to some extent. It can be

seen from Fig. 4 that if the effect of falling rock on the

natural arch is neglected, the balance of the roof structure is

maintained by the combined action of overlying rock

strata, direct flooring of the coal strata and the self-weight

of the structure. Therefore, according to the equilibrium

condition of a rock-overlaid, pier-type roof structure, the

supporting load of the direct flooring of the coal strata to

the structure can be calculated as:

q ¼ qy lm þ ltð Þ þ Q

lm
ð7Þ

In which: q is the supporting load of the direct flooring of

the coal strata to the roof structure; qy is the acting force of

the overlying rock strata on the roof structure.

Stress analysis of gob coal pillars

The direct flooring of coal strata imposes direct loading on

the established gob coal pillars in a pier-type roof structure.

When the occurrence of the coal strata is established, it is

evident from Eqs. (5), (6), and (7) that the load carried by

coal pillars is affected by the working face length and the

coal pillar width. Therefore, according to the mining con-

ditions and the characteristics of coal seam of the upper

Jurassic coal strata of Tongxin coal mine, the load-bearing

characteristics of established gob coal pillars can be ana-

lysed as shown in Fig. 5.

It is clear from Fig. 5a that if the length of working face

is in the inclined direction, the established load of rock-

overlaid strata and characteristics of coal pillars are fixed,

and the load on the gob coal pillars is significantly affected

by coal pillar dimensions. For coal pillars similar dimen-

sions, a variation in the load carried associated with

varying coal strata thickness at the working face was not

evident. When the coal pillar size in the goaf is fixed, an

increase in coal seam thickness caused the coal pillar to be

‘‘thin and tall’’ so as to increase the load on the coal pillar.

Additionally, enlargement of the balanced arch structure in

the goaf reduced the weight of the ‘‘pier-type’’ roof

structure above the coal pillar, thereby reducing the load on

the coal pillar; as such, the combined effect resulted in an

insignificant effect of varying coal seam thickness on the

load on the coal pillar. In contrary, for the same thickness

of coal strata, the carried load increased with a decrease in

the reserved width of the coal pillar.

Similarly, it is evident from Fig. 5b that when coal strata

thickness, the established load of rock-overlaid strata and

the coal pillar characteristics are fixed, and the reserved

dimensions of gob coal pillars were identical, the carried

load increased significantly with an increase in the length

of the working face in the inclined direction; the gradient

of increase was even.

It is therefore obvious that when coal strata conditons are

established, the carried load of established gob coal pillars

is affected by the arranged length of the working face in the

inclined direction and the reserved width of the coal pillars;

the smaller the working face length in the inclined direction,

the larger the reserved coal pillar dimensions, and the less

load the established coal pillars carry.

Considering that the strength of coal pillars is relatively

low and that they are not confined, when subjected to high

stress imposed by rock-overlaid strata, the coal pillar will

undergo complex elasto-plastic deformation or damage

internally. This results in different load-bearing character-

istics in different regions of the coal pillar (Liu et al. 2007;

Xie et al. 2006). Normally, the coal pillar is in a biaxial

loading state at the side closer to the gob, in which case

plastic deformation or local damage is likely to occur, and

the load-bearing capacity is relatively low; the stress in the

Fig. 5 Contour graph of gob coal pillar load
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coal body is transferred to the inner side of the coal pillar

from the edge of coal pillar to the inside, the uniaxial stress

state of the coal body shifts gradually to tri-axial stress

state and the load-bearing capacity is improved.

In the elastic core region of the coal pillar, the boundary

effect of the coal pillar is relatively small and the load-

bearing capacity of the coal body in that region is stable.

Based on the aforementioned characteristics of loading and

deformation, the load in the established gob coal pillars is

trapezoidal, as shown in Fig. 6.

In Fig. 6, qm is the trapezoidal load of the coal pillars, lp
is the length of elastic core of the coal pillars and ls is the

length of stress reduction region of the coal pillars. From

the perspective of a macroscopic force equivalent to the

coal pillars, the trapezoidal load of gob coal pillars can be

calculated as:

qm ¼ 2qlm

lm þ lp
ð8Þ

According to Eq. (8) and considering the condition of

established gob coal pillars of Jurassic coal strata in the

Tongxin coal mine, the relationship between the trapezoi-

dal load on the coal pillars and the dimensions of the elastic

core is shown in Fig. 7.

It is evident from Fig. 7 that the trapezoidal load borne

by the coal pillars is reduced with an increased coal pillar

width and elastic core. Therefore, larger coal pillars and a

greater load-bearing rangehelps reduce the trapezoidal load

on the coal pillars.

Analysis of the effect of stress of gob coal pillars

Considering that the strata between the Jurassic and car-

bonic coal strata are both sandy rock strata and the litho-

logical characters of the roof are similar, elastic half-space

theory was used to analyze the stress in the strata below the

load-bearing coal pillars. The stress in the rock strata under

linear triangular loading can be calculated as (Yang et al.

2014):

r1xx ¼ qc h2 � h1ð Þ sin h2 � sin h1 sin h2 � h1ð Þ½ �
r1yy ¼ qc h2 � h1ð Þ sin h2 þ sin h1 sin h2 � h1ð Þ½

�2 cos h2 ln cos h1j j= cos h2j jð Þ�
r1xy ¼ qc sin h2 � sin h1 cos h2 � h1ð Þ½

� h2 � h1ð Þ cos h2�
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>

>
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>
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>

:

ð9Þ

In which

qc ¼ � k

p
a� bð Þ cos h1
sin h2 � h1ð Þ ;

h1 ¼ arctan
yA � a

xA
; h2 ¼ arctan

yA � b

xA

where: r1xx, r1yy, r1xy are, respectively, stress components

of rock strata under a pure triangular coal pillar loading

condition; qc is the load constant; xA, yA are, respectively,

the vertical and horizontal coordinates of stress point A of

the rock strata; h1, and h2 are the angles between stress point
A and the two boundaries of the coal pillar; a and b are the

distance from the origin to the right and left boundaries of

the coal pillar, respectively; and k is a load factor.

The stress in the rock strata under an evenly distributed

load can be solved as (Yang et al. 2012; Xu 2006):

r2xx ¼ � kbþ b
2p

2 h2 � h1ð Þ þ sin 2h2 � sin 2h1ð Þ½ �

r2yy ¼ � kbþ b
2p

2 h2 � h1ð Þ � sin 2h2 � sin 2h1ð Þ½ �

r2xy ¼
kbþ b
2p

cos 2h2 � cos 2h1ð Þ

8

>

>
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>

>

>

<

>

>

>

>

>

>

:

ð10Þ

where: r2xx, r2yy, r2xy are stress components of rock strata

under an evenly distributed coal pillar load; and b is a load

constant.

q

 l p  ls ls

m

Fig. 6 Trapezoidal load of the coal pillars. lt = 150 m, hm = 3.5 m,

qy = 5.4 MPa, u = 37�, g = 1.0

Fig. 7 Relationship of trapezoidal load on the coal pillars and the

dimensions of the elastic core
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Considering Eqs. (9) and (10) simultaneously, the stress

in the rock strata under a linear coal pillar loading condi-

tion can be calculated as:

rxx ¼ r1xx þ r2xx
ryy ¼ r1yy þ r2yy
rxy ¼ r1xy þ r2xy

8

>

<

>

:

ð11Þ

Analysis of application

After mining of Jurassic coal strata in the Tongxin mine,

the falling rocks in the gobs and the natural arch structure

of the rock-overlaid roof were in equilibrium due to long-

term movement and adjustment. At this stage, the balanced

arch in the gobs had a certain degree of load-bearing

capacity, and continued to sustain the stability of the rock-

overlaid strata loading in the form of a multi-gob, pier-type

roof structure. The self-weight of falling rocks in the gobs

acts directly on the flooring of the gobs in the coal strata

and the load incurred is relatively small. Bearing in mind

the the Jurassic coal strata in the Tongxin coal mine, the

force model of lower-flooring rock strata under multi-gob

coal pillars with a rock-overlaid roof is established as

shown in Fig. 8.

In Fig. 8, q0 is the load of falling rocks in the gobs on

the floor. According to the occurrence of Jurassic coal

strata in the Datong mine field, the length of a Jurassic coal

working face has an average value of 150 m and the coal

pillar width is 40 m; the collapsing height was 121 m as

calculated by Eq. (3) and, thus, the load applied by falling

rocks on the flooring was approximately 3.1 MPa. Con-

sidering the condition that the coal seam and roof strata

was relatively hard, the length of the stress reduction

region in both sides of the coal pillars was taken as 5 m,

according to the measured results, and the length of coal

pillar elastic core was 30 m. Therefore, considering

Eqs. (6), (7), (8), (9), (10) and (11), the stress and energy

O

 x

 q0 q0

A

 lm  lm  lm lt lt

qmqmqm

Fig. 8 Force analysis of rock-flooring strata under multi-gob coal

pillars

Fig. 9 Stress and energy density distribution of flooring rock strata

affected by multi-gob established coal pillars with a rock-overlaid

strata roof. a Vertical stress distribution (MPa); b horizontal stress

distribution (MPa); c sheer stress distribution (MPa); d maximum

principle stress (MPa); e minimum principle stress (MPa); f energy
density of rock strata (kPa)
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distribution of rock strata under multi-gob established coal

pillars with a rock-overlaid strata roof are shown in Fig. 9.

It is evident from Fig. 9 that a pier-type roof structure

with rock-overlaid strata resulted in stress concentration in

lower rock strata under established gob coal pillars. Results

from the calculation showed that the area of rock strata

under the gob coal pillars affected by stress concentration

had a depth of 100 m, and the area of lower rock strata

affected by the energy density concentration had a depth of

50 m. Given that that the distance between Jurassic and

carbonic coal strata in the Datong mine field is 200 m, it is

obvious that, when comparing with overlying strata, the

established gob coal pillars do not affect mining of the

lower carbonic, extra-thick coal strata. However, when

movement of the overlying rock due to mining of lower

coal strata affects the area of stress concentration of the

upper coal pillars (Yu et al. 2014), the concentrated elastic

energy accumulated in the overlying rock will be released

and the original balanced roof structure in the Jurassic coal

strata will be reactivated, the combination of which will

impose a significant effect on the mining of lower coal

strata.

Conclusions

Based on the structural characteristics of the natural arch

roof in the gobs inclined with the working faces of sub-

horizontal coal strata, the upper roof of gob coal pillars in

the Datong mine field was presented as a pier-type

structure.

The natural arch roof in the gobs of Jurassic coal strata

use the established coal pillars as a supporting arch

springing; the concentrated load on the established coal

pillars mainly comes from the weight of the pier-type roof

strata and the overlying load. The magnitude of the load is

affected by the length of the working face and dimensions

of the established gob coal pillars.

A method for calculating stress in the lower rock strata

was proposed in this study when the established gob coal

pillars are subjected to any form of loading when the

lithological character of the roof strata is similar. Consid-

ering the Jurassic coal strata in the Datong coal mine, the

area of rock strata under the gob coal pillars affected by

stress concentration has a depth of 100 m, and the area of

lower rock strata affected by energy density concentration

has a depth of 50 m.
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