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Abstract Supports crushing accident occasionally occurs
in the protected seam exploitation of deep multi-seam coal
mining structure and results in adverse effect to the pro-
duction. To prevent its recurrence in a newly developed
working field, a 3D numerical extraction model was built
based on the geologic and mining conditions of Jining coal
mine to evolve the changes, state and characteristics of the
reconstructed vertical and lateral stress in rock interlayer
after protective seam exploitation. Stress release and
increase zones of this mining structure were separated.
Mining-induced localized stress concentration and the
interlayer rock failure behavior were explored. The action
of concentrated stress on the hydraulic supports in pro-
tected seam was discussed upon the major stress redistri-
bution. Using the infinitesimal strain method, a mechanical
model was created to further explore, from the vertical and
lateral directions, the cause and mechanism of localized
stress concentration and rock failure behavior in rock
interlayer. The field investigation was finally performed to
verify the numerical and mechanical results, and the
essential control measures were proposed to prevent this
accident. Key findings of this study bring some new
insights into the deep multi-seam coal extraction and help
to promote a more reliable underground mining.
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Introduction

The multi-seam mining method has been widely applied in
underground coal mines for many years. It changes the
initial distribution of in situ stress in the deep country rock,
improves the plastic deformation of coal and rock mass,
weakens the stress concentration degree in the mining
region and makes the other coal seams easier to be
extracted (Tati 2011; Khare et al. 2006; Nasedkina et al.
2009; Wang and Zhao 2010; Yang et al. 2011a, b, c). The
first mined coal seam is usually named the protective seam.
Because it provides favorable mechanical conditions, the
second mined coal seam is defined as the protected seam.
In early application, this method was used to control the
coal outburst in the gas-enriched shallow seams (Liu et al.
2011; Yang et al. 2011a, b, c). The protective seam
exploitation was one of the most effective and economical
methods to eliminate the coal and gas outburst in protected
seam (Xiong et al. 2008). Reasonable gas extraction mea-
sures in the protective seam played an important role in the
regional control of these hazards (Yang et al. 2011a, b, c).
With the increase of mining depth, more hazardous geo-
logic phenomena such as the high underground tempera-
ture and pressure gradually appear and seriously hamper
the safe mining (Lobanova 2008). Accordingly, the multi-
seam mining method is deeply developed for the geological
hazard prevention in recent years. It indicates that one of
the multiple coal seams should be extracted first if it is
nonhazardous or relatively low hazardous (Dou et al.
2006). The exploitation of protective seam is recognized as
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a more necessary and effective precautionary approach for
the deep hazard control. It is normally given a higher pri-
ority to improve the stress conditions in the working field
(China Ministry of Coal Industry 1987).

In multi-seam mining structure, the region that is over
and under the goaf of protective seam is usually considered
the stress release zone. Protected seam exploitation in the
stress release zone should generally be more secure than
the mining activities in other regions. However, in the deep
production conditions, the protected seam exploitation is
sometimes not as easy and smooth as expected. Some
abnormal mining accidents occasionally occurred. For
instance, the bolts and the cables in rock roof frequently
snapped, and the roadway near the working face badly
deformed. In particular, some hydraulic supports located in
the middle working face were tightly crushed. These
abnormal phenomena delayed the mining schedule,
destroyed the hydraulic supports, and threatened the min-
ers’ life security in the worst cases (Nasedkina et al. 2008;
Qin et al. 2006; Yin et al. 2012), which cause serious direct
and indirect losses to the deep mines and make the pro-
tected seam extraction inconsistent with the general opin-
ion. It is without doubt a matter of great concern.

Recent researches on multi-seam coal mining mainly
focus on the dynamic stress evolution surrounding the
working faces, the determination of pressure releasing
angle and safe mining region, and the optimized layout of
roadways in the protected seam (Guo et al. 2012; Zhang
et al. 2011; Yuan et al. 2010). The possible stress con-
centration behavior in the rock interlayer of the multi-seam
mining structure and its direct effect on the mining feasi-
bility in protected seam are rarely discussed. Because the
multi-seam mining method will be widely applied in the
deeper underground coal mines, the relevant studies on this
point become necessary for the better accident prevention.
In allusion to the problems mentioned, the authors of this
study deduced that these abnormal mining accidents are
closely related to the stress concentration behavior recon-
structed in the rock interlayer. It is known that in situ stress
decreases in the stress release zone. However, the recon-
struction of major stress does not imply that both its ver-
tical and lateral components decrease simultaneously. It
seems possible that in a specific region, the vertical stress
sharply decreases, whereas the lateral stress slightly
increases. Thus, once the lateral stress increases to a high
level, it would result in the localized stress concentration
and cause these adverse effects to the coal extraction
activity in the protected seam.

In this research work, to confirm the inference, a
numerical coal extraction model was built by the Fast
Lagrangian Analysis of Continua in 3 Dimensions
(FLAC3D) based on the geological and mining conditions
in a multi-seam mining field to evolve the changes and
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characteristics of reconstructed stress in the rock interlayer
after the protective seam exploitation. Following that, a
mechanical model was created using the infinitesimal strain
method to further explore the cause and mechanism of
localized stress concentration and rock failure behavior in
the rock interlayer of the multi-seam mining structure and
to elaborate the mechanical factors that result in the mining
accidents. Field investigation in corresponding mining field
was then carried out to verify the numerical and mechan-
ical analysis, and some essential control measures were
finally proposed for the abnormal accident prevention.
Here, the authors expound the research organization and
propose the valuable theoretical and practical experience
about the localized stress concentration behavior in rock
interlayer and its impact on deep multi-seam coal mining.

Mining conditions and model development
Underground mining conditions

Jining coal mine located in the East China district is a deep
underground mine. With the increase in mining depth, this
mine gradually faces some hazards induced from the high
ground pressure. Hence, the multi-seam mining method is
applied to prevent and control those hazards effectively in
the multiple coal seams zone. However, despite its
advantages, the coal extraction activities in protected seam
were always suspended by the supports crushing accidents,
which led to an extremely adverse effect on the principle of
safe mining.

The TZ working field is one of the multi-seam mining
fields. It is a newly developed field, where the upper and
the lower coal seams are named the TZU and the TZL
seams, respectively. Overburden depth of the TZU seam
is approximately —620 m. Thickness of two coal seams is
2.85 and 5.0 m, and their interlayer spacing is 42.7 m in
average. The interlayer rock mass is a type of gray
compact sandstone with a few fractures developed. Min-
ing layout of the TZ working field and its geologic column
are shown in Fig. 1. In general, coal seam occurrence in
this field is steady. The terrain is relatively high in the
southwest zone. The significant geological tectosome
consists mainly of a huge gentle monocline plunging
towards the northeast and three major normal faults dis-
secting the mining field, which play a preparative role in
the in situ stress distribution in country rock of the mining
area. In situ stress conditions of the TZ working field were
separately measured in the upper and lower coal seams,
and the measured results are listed in Table 1. The long-
wall mining is used to exploit the full seam. Face TZU04,
2,450 m in length and 180 m in width, is located in the
middle region and is firstly extracted.
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Fig. 1 Layout of the TZ working field and the relevant geological column

Table 1 In-situ stress value measured in the field

Stress (MPa)/Azimuth angle (°) ol a2 a3
TZU coal seam 16.5/123  10.45/290  8.27/33
TZL coal seam 17.9/120 8.81/86 5.68/24

Developing a coal extraction model

To prevent those abnormal mining accidents from reoc-
curring in this new working field, it is necessary to thor-
oughly understand the rules and characteristics of the stress
reconstruction in the rock interlayer after the protective
seam exploitation and explore its effect on the coal
extraction activity in protected seam. Hence, the numerical
simulation was introduced into this study. The numerical
coal extraction model of Face TZU04 was developed using
the finite difference program FLAC3D. This software is an
important computer-aided analysis tool in the field of rock
mechanics. By establishing the constitutive equations of
engineering materials, the model calculation effectively
traces the gradual failure process of elastic and plastic
structures such as the coal body and the rock mass. Its
geometric equations are appropriate for solving the non-
linear problems with a large deformation (Itasca Consult-
ing Group, Inc, 2005).

Length, width and height of the coal extraction model
were 500, 280 and 160 m, respectively, and 775,200 finite
elements were applied. Model parameters were extracted
from the mining and geologic conditions of the TZ working
field. The mining parameters were explored as previously
mentioned; the geologic parameters were obtained based
on the physical and mechanical property tests of coal and
rock specimen in laboratory as shown in Fig. 2. The
applied coal and rock properties are listed in Table 2.

Based on the measured in situ stress value, the ground
pressure gradient and the lateral-to-vertical stress ratio
were identified to be approximately 26.5 kPa/m and 1.7,
respectively. Considering the restriction of model dimen-
sions, a 13.9 MPa compressive stress was loaded upon its
top surface to evolve the initial pressure environment. The
developed numerical extraction model is shown in Fig. 3.

Compared to the TZL seam, the TZU seam is shallowly
buried and relatively low hazardous. Thus, it is perceived
as the protective seam to eliminate the effect of high
ground pressure. Mining activity in Face TZUO04 is the
initial disturbance and destruction to the rock interlayer,
which minimizes the external influence induced from other
mining or geological factors.

Results and discussion

Stress release zone of the deep multi-seam mining
structure

Before the protective seam exploitation, stress in the deep
surrounding rock mass remained in an equilibrium state.
This state was broken by the coal extraction activity in
Face TZUO4. Stress reconstructed in a wide region and
finally reached a new balanced state. Mining region
affected by the stress reconstruction is artificially divided
into three different zones: the stress release zone, the stress
increase zone and the stress stable zone (Yang et al. 2011a,
b, ¢). This division is established on the relationship of
reconstructed stress and its initial value. The region is
defined as the stress release zone if the reconstructed stress
is lower than its initial value. Conversely, it is treated as the
stress increase zone. Reconstructed stress used for this
division is determined by the vertical component of major
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Fig. 2 Mechanical property
tests of coal and rock specimen

Coal and rock specimen

Table 2 Coal and rock properties applied in the numerical extraction model

Coal Mudstone Coarse-grained sandstone Fine-grained sandstone Siltstone
Density (kg m™>) 1,380 2,655 2,709 2,753 2,730
Moisture content (%) 3.52 2.49 2.62 1.76 2.68
Compressive strength (MPa) 15.83 47.55 64.69 117.37 88.77
Shear strength (MPa) 14.19 19.91 18.53 57.96 38.44
Tensile strength (MPa) 1.06 3.89 5.58 6.29 4.3
Elastic modulus (GPa) 12.21 28.19 37.6 81.45 46.67
Cohesion (MPa) 6.2 13 16 24 22
Poisson ratio 0.27 0.13 0.15 0.19 0.14
Angle of internal friction (°) 26.9 22 18.4 31 24
Fig. 3 Numerical extraction Unit: m

model of the deep multi-seam
coal mining structure
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Model size: (L)500x(W)280x(H)160
Total finite elements: 775,200
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stress. These disparate stress zones around the TZU04 goaf
are shown in Fig. 4. For this multi-seam mining structure,
the stress redistribution is almost symmetrical in the
direction parallel to the working face. It shows that the
protective seam exploitation dramatically lowers the stress
level in the region under the TZU04 goaf. Thus, this region
is the stress release zone of this mining structure, which
provides the positive mechanical conditions for the further
coal extraction in Face TZLO03.

Changes of vertical stress in the rock interlayer

Major stress distribution in deep rock mass is ubiquitous
and complicated (Sun et al. 2013; Wu and Pan 2013). It is
always decomposed into the vertical component (Szz)
and the lateral component (Sxx) based on the parallelo-
gram rule. They are two significant parameters expected
to be obtained in application (Lempp et al. 2012; Lour-
enco et al. 2011; Hashash et al. 2002). Concentration
degree of the reconstructed stress is defined by the
expression f, = S,/S;, where f. is the effective stress
concentration factor, and S; and S, are the initial stress
and the reconstructed stress, respectively. Vertical stress
level in the rock interlayer mirrored by the stress con-
centration factor is shown in Fig. 5. It shows that vertical
stress increases apparently (f. > 1) and concentrates on
the upper interlayer rock mass under the virgin protective
coal seam, which is mainly induced by the stress transfer
in the rock roof. In the stress release zone, the vertical
stress decreases significantly (f, < 1) but increases
slightly with the overburden depth as the comparison
results shown in cross sections A—A, B-B and C-C. It is
noted that a residual stress acts upon the top surface of
rock interlayer as the caving rock roof in the TZUO04 goaf.
Residual stress varies with the location and amount of the
caving rock mass. Because of the obvious decrement,

Model width / m

vertical stress becomes a primary impact factor for the
underground pressure release and attracts more attention
in application (Jia et al. 2013; Gurbuz 2011).

Changes of lateral stress in the stress release zone
of rock interlayer

Lateral stress level in the rock interlayer mirrored by the
relevant stress concentration factor is shown in Fig. 6. It
shows that lateral stress mainly concentrates at two regions.
One is located at the interface between the upper interlayer
rock mass and the virgin protective coal seam, which is
similar to the concentration state of vertical stress. Another
is located at the bottom of rock interlayer, under the middle
goaf. Along the borderline of TZUO4 goaf, lateral stress
sharply increases and then gradually decreases to a lower
level (cross sections D-D and F-F). This changes result
from the former stress concentration behavior. However,
lateral stress changes following a dissimilar rule along the
goaf centerline. It increases gradually to a higher level and
then declines sharply at the immediate roof of protected
seam (cross section E-E). The peak stress value here is
lower than that on the borderline. Lateral stress changes in
the stress release zone can be separated into three gradi-
ents. The first gradient (G1) is located at the upper and
middle parts of the rock interlayer, where the lateral stress
decreases and is less than its original value (f. < 1). The
second gradient (G2) is located at its lower-middle part,
where the lateral stress is a little higher than its original
value (1 < f, < 1.5). The third gradient (G3) is located at
its lower part. Lateral stress in this region is obviously
greater than its original value, i.e., f, > 1.5. It indicates that
the changes of lateral stress are affected by the released
vertical stress to some extent. However, it greatly increases
with the overburden depth and highly concentrates in the
lower part of rock interlayer.
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Fig. 5 Concentration degree of the vertical stress in rock interlayer
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Fig. 6 Concentration degree of the lateral stress in rock interlayer

Mining-induced localized stress concentration in rock
interlayer

Comparative redistribution of the vertical stress and the
lateral stress in rock interlayer is built as shown in Fig. 7a.
It shows that the stress reconstruction follows notably
different rules. Vertical stress becomes <8 MPa in the
stress release zone. However, mining activity does not
achieve the same effect for the lateral stress. Certain extent
of lateral stress unexpectedly increases and is apparently
higher than the vertical stress (more than 18 MPa). Thus,
the mining-induced localized stress concentration in rock
interlayer results from the reconstructed lateral stress.

In addition, vector distribution of the major stress in
rock interlayer (see Fig. 7b) indicates that major stress in
the stress release zone can be separated into two types, the
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upward and the downward, based on its direction. Most of
the major stress is towards the TZUO4 goaf, which makes
the upper and middle interlayer rock mass deform upward.
A minority of major stress in the lower region makes the
interlayer rock mass tend to move downward, which is
detrimental to the protected seam exploitation. In produc-
tion, rock roof over the working face is supported using the
hydraulic supports. With the action of downward major
stress, rock interlayer becomes easily to cave spontane-
ously in a large region after the lower seam is extracted.
The high stress value provides great power to tightly
compress the supports. Meanwhile, the concentrated stress
increases the elastic strain energy of unbroken rock mass
(Weinberger et al. 2010). A large amount of energy
instantly releases along with the roof carving process,
which undoubtedly will lead to the supports crushing
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Fig. 7 Comparative redistribution of reconstructed vertical stress, lateral stress and major stress in rock interlayer

accident in protected seam. In particular, as the Fig. 7b
indicates, the hydraulic supports under the middle rock
interlayer are most likely to be destroyed.

Plastic failure behavior of interlayer rock mass

The reconstructed stress results in the regional plastic
deformation and failure behavior of interlayer rock mass,
which is shown in Fig. 8. Interlayer rock failure mainly
occurs in two regions. One is located in the upper rock
stratum. The failure is more serious at distances closer to
the TZUO4 goaf. Another is located in the lower rock
stratum, where the failure extent is greatly lower than the
former. As rock interlayer is composed of multiple sepa-
rated strata and joint surfaces, the renewed failure state
changes accordingly to its specific rules. The interaction of
structure and stress indicates that the plastic failure
behavior breaks the integrity of interlayer rock mass. The
range and extent of interlayer rock failure are related to the
direction and magnitude of reconstructed major stress. The
downward fracture developing angle f is 16°. Upper rock
mass fractured seriously under the impact of upward major
stress. The rock failure depth d is almost one-third of the
aggregate thickness of rock interlayer, and the failure
region is about a quarter of the cross-sectional rock area.
Moreover, the lower rock interlayer also fractured mildly
under the influence of downward major stress. The height
of the affected rock mass 4 is about 2.7 m, and the corre-
sponding fractured region is approximately 2 % of the
cross-sectional rock area. Figure 8 also indicates that a
higher extent of rock failure behavior generally occurs in

BSEEE IR
ttttt iR
ttt s

(b)

the interlayer where the value of the intrinsic major stress is
lower than 15 MPa under these geological and mining
conditions.

Mechanical discussion of the localized stress
concentration in rock interlayer

A theoretical analysis model

The numerical results reveal the fact of localized stress
concentration in rock interlayer and its relevant state and
properties. It is necessary to further explore the cause of
this stress behavior using mechanical analysis. Similar to
the numerical idea, the mechanical model is also consid-
ered an integral structure that is constituted by finite rock
elements. The difference is that the number of rock ele-
ments in the vertical and the lateral directions is countless,
i.e., N, > +0o0 and N; — +o00. In this case, the volume of
each rock element in the model is infinitesimal. Thus, the
infinitesimal strain method is introduced into this discus-
sion. Based on the relevant theory (Frederic et al. 2010;
Schiffmar 1980; Huang and Sun 2007), the displacement of
rock element is assumed to be much smaller than any
dimension; its geometry property is assumed unchanged by
the deformation. Specifically, the rock element is so
infinitesimal that it is simplified to be an isotropically
uniform material. This assumption makes the problems
easily resolvable based on the established rules. It has been
commonly applied in the deformation analysis of the
elastic and plastic materials. The mechanical model of rock
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interlayer is built as shown in Fig. 9, and a brief description
of the infinitesimal strain is provided.

Infinitesimal strain

If the deformation of a continuum body U is nearly equal to
its deformation gradient Au, the body deformation is
defined as the infinitesimal deformation in the infinitesimal
strain theory (Berndt 2007). Both the body deformation and
its deformation gradient are notably smaller than the unity
IV = llAull < 1). By allowing the geometric lineariza-
tion of Lagrangian finite strain increment E, the nonlinear
term of finite strain increment / is neglected (Papadopoulos
and Taylor 1994; Jeong and Ramezani 2010). Thus,

l\)lv—‘l\)l'—‘

(Axu + (Axu)") (1)

The equation implies that there is little difference in the
material and spatial coordinates of a given material point in
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the continuum. The deformation components in material
and in space are approximately equal. Thus,

8=%((Au—|—l)T—|—Au+I) —1 (2)

where ¢ is the infinitesimal strain increment. From the
expression, the following relation is defined:

En

_ ZL [((Au + D) (Au+1))
((Au)" +4u) ~ ¢

(3)

"]
o [t A 4 1Yl

Infinitesimal stress deviation

Stress reconstruction is transient after mining, but strain
change is relatively slow. This case provides the mechan-
ical conditions for the deformation of rock elements. The
extent is determined by the magnitude of applied force
(Boulanger and Hayes 2008). Each individual rock element
is not substantive but constrained by its adjacent elements.
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With the action of uneven forces, a small stress deviation
generates between two adjacent rock elements (see Fig. 9).
The normal stress and shear stress change infinitesimally
with the element location in Cartesian coordinates. For the
current state, uneven forces have been applied on all
infinitesimal rock elements (o, > 0, ¢, > 0), whereas their
infinitesimal strain changes have not started (¢, = ¢, = 0).

Infinitesimal deformation and failure of interlayer rock
elements

Changes of vertical infinitesimal strain increment

Infinitesimal rock elements in the vertical direction are
marked as Ey, Ey, ..., E,. The topmost element E; is near
the undersurface of TZU04 goaf, and the bottom element
E, is located at a specific depth. The rock elements
deformed with the action of unevenly redistributed stress. It
is known that the vertical stress decreased in the stress
release zone but remained increasing with the overburden
depth. Thus, the vertical infinitesimal strain increment
decreases with the increased vertical stress. The renewed
vertical stress and strain conditions are defined as:

Tpp > Oyugy > = >0y >0, =0

n—1
/ / /
Ty <Oyns Oy(—1) < Oy(n—1)s - - Gyz <0y,0,, <0y (4)

/ / /
Ae o > Aey > > Aey, gy > Ag, =0
where o/yi (1 <i <n,n < N,)is the reconstructed vertical

stress, Ae yi is the vertical infinitesimal strain increment of

. v
, ;
ay ;
model centroid v
3 »" ’
i o A

-

’
Oy

rock element, and n is the total number of deformed
elements. Infinitesimal strain increments of rock elements
are so small that it is supposed that there is a multiple
relationship between them, which is represented by k;
(1 <j<m, m<N). Thus, after the rock elements
approach a stable strain state, the total strain increment
of vertical model A¢'y is accumulated as:

(1 —k)"] [ (5)

For the countless vertical models in the lateral direction,
their total strain increments A¢',;, are then defined as:

Ag), = Aél [l

Xjy

(1— k)"~ }/k (6)

Thus, the following relationship is found:

Aely, > Aely, > > Aél,,, =0 (7)

Xy

S
Ay, = 4¢ly 1 (

© > A,

This relationship indicates that the total strain increment
of vertical model decreases from the goaf centerline to its
borderline (see Fig. 10b). The depth of plastic deformation
in rock interlayer increases to its extreme at the goaf
centerline.

Action of the lateral bending moment
Infinitesimal rock elements in the lateral direction are
marked as E, E,,..., E,,. E| is located at the goaf center-

line, and E,, is at the goaf borderline. Because the lateral
model is constrained on both ends and no free space exits, a
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rock element can only squeeze its adjacent elements
reciprocally under the action of reconstructed lateral stress
d’,, which leads to a great deformation in the weak element
but a small deformation in the hard element. Compared to
the vertical infinitesimal deformation, element deformation
in the lateral model is smaller. However, the lateral
deformation of rock elements aggravates the instability of
lateral rock elements and the range ability of their centroids
(Arikan et al. 2010; Park et al. 2012).

The different vertical strain increment makes the cen-
troids of any two adjacent rock elements no longer main-
tain the same horizon. Thus, a total centroid deviation
exists in the lateral model. It is supposed that the vertical
strain increment of rock element also has a multiple rela-
tionship with its adjacent element in the lateral model,
which is represented by k;. Thus, the total vertical strain
increment of lateral model A¢, and its average centroid
deviation Ad; are calculated using the expressions:

Ae. = Aé, [1 (- ki)’"”] /ki (8)
Ad; = A, /2m 9)

With the squeezing action of uneven lateral stress, the
centroid deviation results in an unbalanced bending
moment for the lateral rock elements, which is expressed
as:

Ly dd; - 4d,
M; = / oldy — / o'dy = 20’ Ad; (10)
0 0

This relation indicates that the lateral bending moment
M; is greater than zero (¢°, > 0, Ad; > 0). Rock elements
inevitably tend to be extruded and fail under the action of
lateral bending moment (see Fig. 10c), which manifests as
the interlayer rock failure on the macro level. The extent is
related to the magnitude of lateral bending moment and the
size of interspace (Tokashiki and Aydan 2011).

Interaction of lateral stress reconstruction and interlayer
rock failure

The failure extent of interlayer rock mass also depends on
the rock strength (Tenzer et al. 2010). For two adjacent
elements loaded by the same force, the element with the
lower strength deforms easier than the harder one (Sha-
rifzadeh et al. 2010). On the interface between the rock
interlayer and the protected seam, the rock element is
harder and more unbreakable than the coal element (Brady
and Brown 2004). This difference makes that the infini-
tesimal deformation of weaker coal elements becomes
easier, earlier and more serious than that of the harder rock
elements. The deformation of coal elements provides the
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weak planes and interspaces for the adjacent rock elements.
Thus, the lateral bending moment should increase to force
the interlayer rock elements to intrude into the adjacent
protected coal seam. Rock failure behavior in the lower
part of rock interlayer does not imply that the lateral stress
transfers to other regions. On the contrary, rock failure
occurs because of the high lateral stress. During the
interaction of the stress changes and the rock failure, the
lateral stress increases and finally results in the localized
stress concentration in this region (see Fig. 11).

It indicates that the decreased vertical stress provides the
essential stress conditions for the infinitesimal deformation
of rock elements, and the goaf of protective seam offers it
sufficient free space and makes the vertical deformation
become a main strain state. The vertical infinitesimal strain
increment makes the centroids of rock elements no longer
maintain the same horizon. Acted on by the increased
lateral stress, deformed rock elements result in the final
interlayer rock failure. Different failure states occur in
different rock strata (Xu and Li 2010). Worse and deeper
failure states occur closer to the goaf centerline. It is further
found that lateral bending moment is the primary inducing
factor of interlayer rock failure, and the vertical infinites-
imal strain increments of rock elements are its
precondition.

Field investigation
Experiment site and scheme

To verify the numerical and mechanical results, we per-
formed a field experiment in rock interlayer during the coal
extraction process of Face TZUO04. In the TZ working field,
Face TZLO03 was designed below Face TZUO4. A few
connection roadways were tunneled for the ventilation
requirements during the excavation of mining roadways. A
connection roadway, which was approximately 220 m
ahead of TZU04 working face in the horizontal distance,
was designated as the experiment site. At its middle loca-
tion, the stress-monitoring borehole I' and the fracture-
observing borehole I, which were 42 mm in diameter and
43 m in height, were drilled upward near two coal walls.
The other three fracture-observing boreholes, II, IIT and IV,
were drilled with 20-m interval spacing towards the mining
roadway. Fracture development in the inner wall of Holes
I, II, IIT and IV was recorded using the borehole imaging
instrument. The observation work was repeated everyday.
A customized multipoint unidirectional stress meter man-
ufactured upon the monitoring scenario was applied into
Hole T to detect the changes of lateral stress during the
mining process of Face TZUO04. It was composed of five
stress detectors with the uniform 7-m separation distance.
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In each detector, the highly sensitive hydraulic cylinder
was installed. Oil pressure was transduced to stress by the
pressure sensor, and then was transmitted to the digital
recording equipment. Corresponding stress measuring
procedure was mainly consisted of three aspects: the meter
installation, the stress monitoring and the data acquisition.
Stress detectors were firstly fixed into the right direction
and location of borehole I' with the assistance of guide bar.
Immediately following it, an equivalent 15-MPa lateral
stress was assigned to each detector accordingly. The
advantage of doing this is to hold detectors tightly and to
prompt surrounding rock stress to intactly transmit to these
detectors as far as possible. Seven to ten days were nec-
essary for the lateral stress on detectors evolving from the
initial given level to the natural level. After monitoring
data hardly fluctuated, the stress measurement entered into
its normal operation stage. The monitoring work was
unattended. Required stress data were acquired regularly
until the field experiment was ended when the site was
250 m behind the working face. Detailed experiment
scheme was shown in Fig. 12.

Results of lateral stress reconstruction and interlayer
rock failure

The monitoring results of lateral stress changes in Hole I’
and the interlayer rock failure in Holes I, II, III and IV are

monitoring hole

shown in Figs. 13 and 14, which show that the lateral stress
reconstruction and the rock failure behavior in the stress
release zone of rock interlayer were seriously influenced by
the protective seam extraction. Figure 13 shows that the
lateral stress increased gradually when the stress detectors
were ahead of working face. It decreased by a small
amount in the lower rock stratum. After the TZU04
working face passed over the connection roadway, the
lateral stress redistribution dramatically reversed in a short
period. Lateral stress in the upper rock stratum sharply
decreased, but the lateral stress in the lower rock stratum
obviously increased. The lower rock stratum corresponded
to the higher lateral stress, which indicates the forming
process of localized stress concentration in rock interlayer.
Figure 14 shows that the inner wall of observing holes
suffered distinct destruction during the mining disturbance.
The destruction level is separated into the badly destroyed
level (Fig. 14a), the moderately destroyed level (Fig. 14b)
and the slightly destroyed level (Fig. 14c). Fractures fully
developed in the upper part of observing holes. The hole
had more fractures closer to its top. Hole I at the goaf
centerline was destroyed more seriously than the others,
and the fracture development in Hole IV was relatively the
slightest. In addition, the extent of fracture development in
the lower part of holes (Fig. 14e) was not identified
because of the secondary effect induced by the excavation
activity of connection roadway. It is found that as the
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Fig. 14 Final failure state of interlayer rock mass in the boreholes I, II, III and IV

distance from the TZU04 working face increased, the lat-
eral stress no longer changed too much and gradually
remained at a stable high level. The total fracture devel-
oping depth D, also increased to a specific value.
Field investigation indicates that the lateral stress in
rock interlayer increases to a high level after the protective
seam exploitation. It results in the localized stress con-
centration in the lower rock stratum. Localized stress
concentration in the stress release zone of rock interlayer is
induced from the interaction of lateral stress reconstruction
and the interlayer rock failure. Lateral stress changes with
the influence of protective seam exploitation (stage I in
Fig. 13). Then, rock failure behavior occurs with the action
of unevenly distributed stress state (stage II in Fig. 13),
which forces the lateral stress to further reconstruct grad-
ually (stage III in Fig. 13). This interaction continues until
an equilibrium state of stress and strain is achieved in rock
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Lateral

interlayer. stress reconstruction provides the
mechanical requirements for interlayer rock failure; this
plastic failure behavior further promotes the stress con-
centration in the stress release zone. It indicates that the
numerical and mechanical results are consistent with the

field investigation results.

Prevention measures for the localized stress
concentration in rock interlayer

The discussion and investigation confirm that the local-
ized stress concentration in rock interlayer results in the
supports crushing accident during the protected seam
exploitation. Thus, we propose five control measures to
prevent the recurrence of this stress behavior and mining
accidents during the coal extraction activity of TZLO03
working face.
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Determine the top-coal caving as the mining method

The 5-m thickness of TZL coal seam indicates that the full-
seam exploitation and the top-coal caving are both appli-
cable mining methods. Using the former, the bottom of
rock interlayer will have a surface-to-surface contact with
the top surface of hydraulic supports. In this case, the
supports are easily crushed tightly once the interlayer rock
mass caves. However, this situation can be relieved using
the top-coal caving. Top-coal caving disturbs the recon-
structed stress state in rock interlayer, provides a huge free
space for the deformation and failure of interlayer rock
mass, provides a buffering effect for the energy release
induced by the stress concentration, and disables the
released energy from acting directly upon the hydraulic
supports. This method is more suitable for exploiting the
TZL coal seam.

Select the appropriate hydraulic supports

Based on the mining method, the changes of seam thick-
ness and dip angle, and the hydraulic supporting force and
mode, ZFS6200/18/35(C) coal caving hydraulic support is
optimally selected for the exploitation in Face TZLO03. Its
working resistance is 6,000-6,250 kN, which satisfies the
supporting requirements. Its support height is 1,800—
3,500 mm. Thus, a 3-m mining height is applicable, and
the residual coal body above supports is treated as the top
coal. It is necessary to reasonably adjust the height of
hydraulic supports to suit the roof weight and the geolog-
ical structures.

Optimize the layout of mining roadways

Because the stress concentrates in the lower part of rock
interlayer, a pressure-release roadway is suggested to be
supplementarily excavated in the middle face to disturb the
reconstructed stress state (see Fig. 15a). In severe cases,
Face TZLO03 can be divided into two small working faces
and extracted separately with a small stagger interval. This
method reduces the overall impact of localized stress
concentration on the exploitation in Face TZL03.

Intervene artificially the periodic roof pressure

Protected seam exploitation in other working fields indi-
cates that the average distance of periodic roof pressure is
35-50 m. To avoid the stress superposition of localized
stress concentration and the newborn periodic roof pres-
sure, a roof-blasting operation above the TZL03 working
face is implemented. Drilling parameters of blastholes are
shown in the Fig. 15b. This operation breaks the hanging
roof in advance, which plays an important role to shorten
the period and reduce the intensity of roof pressure.

Implement the roof-blasting operation in the roadways

High lateral stress in the two stress increase zones gener-
ates a squeezing action on the interlayer rock mass in stress
release zone. To weaken this stress effect, a roof-blasting
operation is implemented in three roadways to break the
integrality of rock interlayer (see Fig. 15¢). In front of the
TZL03 working face, blasting scheme is repeated every
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15 m in mining direction. After the artificial intervention,
plastic failure extent of the interlayer rock mass will
increase, whereas the stress concentration degree in the
lower part of rock interlayer will decrease.

Conclusions

In the deep multi-seam mining structure, protected coal
seam in the stress release zone cannot always be safely
extracted. Based on the above discussion and investigation,
the following points can be concluded:

1. After the exploitation in protective seam, the vertical
stress decreases significantly in the stress release zone
of rock interlayer. However, the lateral stress increases
with the overburden depth and concentrates on its
lower part. A lower rock stratum corresponds to a
greater stress concentration degree. This stress behav-
ior increases the elastic strain energy of unbroken
interlayer rock mass. Hydraulic supports under the
middle rock interlayer are most likely to be destroyed.

2. The failure behavior of rock interlayer occurs in its
upper and lower parts. It breaks the integrity of
interlayer rock mass. The more serious rock failures
occur closer to the goaf centerline of protective seam.
Different plastic failure behaviors occur in different
rock strata. The failure range and extent depend on the
rock strength, the direction and magnitude of recon-
structed major stress. Lateral bending moment is the
primary inducing factor of interlayer rock failure
behavior; the vertical strain increment of infinitesimal
rock element is its precondition.

3. The mining-induced localized stress concentration in
the stress release zone of rock interlayer results from
the interaction of lateral stress reconstruction and
interlayer rock failure. This interaction continues until
an equilibrium state of stress and strain is achieved.
The lateral stress reconstruction provides the mechan-
ical requirements for the interlayer rock failure; the
plastic failure behavior further promotes the localized
stress concentration in stress release zone.

4. Tt must be noted that prevention measures for the
localized stress concentration in rock interlayer are
being applied in the coal extraction process of Face
TZL03. Relevant control effects will be timely
checked and continuously studied in future researches.
The findings of this study were obtained based on the
specific geologic and mining conditions in Jining deep
mine; similar studies will be performed in other coal
mines to promote a more systematic exploration of this
stress concentration behavior in the deep multi-seam
mining structure.
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