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Abstract
Cracked pillars have limited capabilities for the bearing of dynamic and static loads, consequently threatening the stability of
entire goafs. In the current study, we establish a structural mechanical model for cracked strip pillars and determine a mathe-
matical formula for the total energy based on an underground bauxite mine in Shanxi, China. Furthermore, the instability criterion
is employed to derive an analytical method for the estimation of the critical blasting load qcr for cracked strip bauxite pillars. The
relationship between qcr and pillar height (H), pillar width (b), pillar length (L), and the crack loosen zone width (d) is quanti-
tatively evaluated. Results demonstrate that when L and d are constant, qcr decreases asH increases. Moreover, qcr is observed to
increase with b for constant H and d, with a continuous reduction in curvature fluctuations. Although qcr increases with L for
fixed H and b, the increase amplitude is small, indicating the limited influence of L. For constant L and b, qcr decreases as d
increases, and when the value of d exceeds that of the inflection point, the rate of change is steeper. The proposed analytical
method is validated using numerical results and a case study. Our work provides theoretical support for the safe production of
bauxite mining.
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Introduction

The sedimentary bauxite deposits in Shanxi, China, are gen-
erally layered in a stratoid form, with a large (several km2) and
narrow (less than 3.0 m) mining area and an obscure boundary
between the orebody and surrounding rock strata. Strip open
stope mining is the most commonly used method for the un-
derground mining of this type of deposit (Lin 2017), with a
protective roof of specific thickness and strip pillars of specific
width to form a goaf support system. Internal joint develop-
ment and damage from mining can result in the frequent
cracking of reserved strip pillars, making them structurally
defective (Nazarov et al. 2014). In particular, when the inter-
nal accumulated energy of the pillar exceeds the ultimate bear-
ing threshold under an overburdening rock mass and far-field

blasting stress wave, the cracked pillar is likely to collapse and
lose stability, consequently leading to the collapse of entire
goafs group (Abdellah et al. 2014; Zhao et al. 2016; Jiang
et al. 2017a; Huang et al. 2019). Therefore, determining the
critical blasting load for cracked strip bauxite pillars is crucial
in order to avoid any unexpected failures of the pillar as well
as the surrounding rock strata and also reduces the probability
of accidents within bauxite mines.

Strip pillars in underground bauxite mines act as a natural
support for the overlying strata, ensuring the safety of both
operators and equipment. Numerous studies have investigated
the stability of pillars, making substantial theoretical progress.
For example, the loads, strength, instability potential function,
and failure form of pillars were evaluated in order to determine
eight key influencing factors for the stability of rectangular
pillars, and a simplified mathematical formula was proposed
to calculate the corresponding safety factors (Yin et al. 2012).
Moreover, the coal mining depth and nature of fractured rock
mass in collapse zones were employed to calculate the ulti-
mate strength of pillars (Singh et al. 1996, 2011). Sellers and
Klerck (2000) conducted a series of physical and numerical
model tests to describe the crack propagation process inside
the rock mass of pillars under high confining pressures. Swift
and Reddish (2002) empirically investigated the safety of roof
beams and pillar failure associated with a shallow room and
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pillar ironstone mine in detail using empirical approaches.
Yang et al. (2015a) investigated the effect of a multi-gob,
pier-type roof structure on coal pillar load-bearing capacity.
Idris et al. (2015) proposed a random evaluation method for
the stability of pillars based on artificial neural networks. Shi
et al. (2017) investigated the failure width of banded pillars
based on the composite crack failure mode via a calculation
model of pillar failure width.

The mining process results in static and dynamic impact
loads (blasting operations), which can result in further crack
propagations and pillar failure, subsequently leading to the
collapse of the goaf. Kutuzov and Tyupin (2017) proposed a
theoretical formula to determine the blast hole spacing and
delay interval using the energy dissipation principle to
analyze the stress state of blasting operations that have an
effect on jointed pillars. Deng et al. (2019) used numerical
methods to simulate the failure process of pillars triggered
by dynamic disturbances under different lateral pressure
coefficients and revealed the dynamic buckling mechanism
of rock burst for pillars. Li et al. (2019) investigated the rock
burst buckling instability of strip pillars in terms of static stress
and loading disturbance, with a focus on the dynamic criterion
of pillar instability based on the dynamic and static energy
index. Planinc and Schnabl (2019) proposed an analytical so-
lution for the critical buckling loads of compressed columns
by considering the effects of simultaneous transverse cracking
and longitudinal delamination. Lu et al. (2017) proposed an
instability evolution model for pillars in the mining of multi-
middle orebody in order to investigate the crack instability
evolution law of hard rock pillars under multiple excavation
disturbances. Yugo and Shin (2015) employed numerical sim-
ulations to study the effect of blasting operations from adja-
cent stopes on the stability of strip pillars. Agrawal andMishra
(2019) summarized the vibration effects resulting from
blasting using an improved scale distance regression analysis
method.

However, despite the progress made by the aforemen-
tioned studies, the influence of blasting stress waves on
the behavior of bauxite pillars and the instability of
cracked strip bauxite pillars are rarely considered. In par-
ticular, the crack propagation within the pillar under dy-
namic disturbances is generally ignored, resulting in er-
rors in the pillar strength calculations.

In order to overcome the lack of an available strength
formula for cracked strip bauxite pillars, we evaluate the
stability of defective strip bauxite pillars by determining
the critical blasting load. This is performed using an ana-
lytical approach that can be conveniently adopted in prac-
tical engineering applications. In particular, we first estab-
lish a mechanical model for cracked strip bauxite pillars
based on a case study of a sedimentary bauxite under-
ground mine in Shanxi, China. Following this, the analyt-
ical solution of the critical blasting load for cracked strip

bauxite pillars is developed using the energy dissipation
principle (Chen et al. 2012), considering the influence of
the internal crack propagation loosen zone. The proposed
critical blasting load formula is applied to evaluate the
instability conditions of cracked pillars and to quantita-
tively study the relationship among the critical blasting
load, pillar height, length, width, and the crack loosen
zone width. The derived critical blasting load formula is
validated through numerical results and engineering mon-
itoring data.

Mechanical model of cracked strip pillar

Mechanical model

Based on field investigations of the exploration of the
Chenguang underground bauxite mine, located at Liulin
County in Shanxi, China, we found macroscopic cracks to
appear at the edge of the pillar during mining, where the rock
blocks peel off are removed by the required equipment. The
further development of the radial cracks inside the pillar di-
rectly affects the bearing capacity of the strip pillar. Therefore,
this study mainly focuses on the radial propagation cracks
inside the pillar. We target goaf 3#, located within the middle
production +1160 m of the mine (Fig. 1). Figure 2a presents a
schematic diagram of the proposed structural model of the
pillar. The central area of the pillar is assumed to contain radial
cracks, presented with “Type I” tensile propagation, and the
surrounding area of the radial cracks is defined as a loosen
zone with crack enrichment. The cross-section stress analysis
of the pillar is demonstrated in Fig. 2b, where self-stress P0 of
the overlying rock (soil) strata uniformly acts on the top of the
pillar, and the blasting stress wave of the adjacent stope di-
rectly acts on the free sidewall of the pillar. H, L, b, and d are
the pillar height (m), length (m), width (m), and crack loosen
zone width (m), respectively.

A large friction force Ft exists between the pillar and the
overburden rock strata (Fig. 2a) (Yang et al. 2015b); thus, the
horizontal displacement of the contact surface between the
pillar top and the surrounding rock strata is relatively small
under overburden stress P0, and consequently, no large dis-
placement deformation occurs. The pillar experiences drum-
shaped (Poisson) splitting expansion deformation (Xia et al.
2017) and radial cracks are induced in the central area of the
pillar due to the absence of an effective binding force on the
free sidewall of the pillar. The cracks are further extendedwith
the increase in gravity loading time and the influence of fre-
quent blasting disturbances. If the center axis of the bearing
loads is altered, the bearing centerline of the pillar will shift.

In order to simplify the calculation of the total potential
energy (П) of the cracked strip bauxite pillar, we make the
following assumptions.
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(1) The rock mass of the strip pillar is assumed to behave
continuously and elastically with a complete internal
structure. Only the influence of radial crack propagation
is considered, while the influence of lateral cracks is
ignored because there is no horizontal sliding failure of
pillar.

(2) The internal displacement and deformation of the strip
pillar are infinitesimal, that is, the displacement ampli-
tude of the internal media in the rock mass is much
smaller than the macro deformation value of the pillar.
For the analysis of the potential energy, only the elastic
deformation is considered, and the plastic deformation is
ignored.

(3) The blasting stress acts uniformly on the free longitudi-
nal section of the strip pillar along the horizontal
direction.

Total potential energy of cracked strip pillar

Due to a severe water shortage, there are no filling conditions
at the Shanxi underground bauxite mines, and thus no filling
operations are carried out in the goaf. The elastic strain energy
of the pillar and the dissipated energy of the crack loosen zone
are generally derived from the energy converted from the
work done by overlying rock (soil) gravity P0 and blasting
stress qd. Therefore, the total potential energy of the cracked
strip pillar is largely composed of the strain potential energy
Uw generated by the deflection deformation of the pillar, the
gravity potential energy Uk of the pillar, the elastic potential
energy of the strain accumulation Uv from the fractured rock
mass, and the work done by external loads W.

We initially determine the analytical formulae of the afore-
mentioned potential energies. Following this, the expression

Fig. 1 Images of field site. (a)
Mining area. (b) Pillar with radial
crack

Fig. 2 Proposed mechanical model of cracked strip pillar. (a) Structural model. (b) Stress analysis of cross section
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of total potential energyΠ of the cracked strip pillar is derived
under multiple force coupling based on the principle of energy
superposition. This process is detailed in the following.

1. Strain potential energy Uw of pillar

The strip pillar is regarded as a thick spatial structure plate
with radial support. The y-x coordinate system for the strip
pillar is shown in Fig. 2. According to the failure mode and
the boundary conditions of a thick plate (Zhou et al. 2016), the
deflection can be expressed as follows:

y ¼ A 1−cos
2πx
H

� �
þ B 1−cos

6πx
H

� �
ð1Þ

where A and B are the deflection coefficients in the x and y
directions, respectively.

Furthermore, the bending strain potential energy Uw of the
pillar can be described as:

Uw ¼ 1

2
∫H0

M xð Þ2
EI

ds ¼ EI
2
∫H0 y}ð Þ2ds ð2Þ

where E is the elastic modulus of the pillar rock mass, I is
the inertia moment of the strip pillar, M(x) is the bending
moment at the height of x, and ds is the end arc length of the

strip pillar bending deformation, with ds ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ y0ð Þp

2dx.
We expand ds via the Taylor series in order to simplify

bending strain potential Uw by omitting the first (y′) and sec-
ond (y") order small values:

Uw ¼ π4 A2 þ 81B2
� �

Eb
3

ð3Þ

The gravity potential energyUk of the pillar is expressed as
(Xu et al. 2017):

Uk ¼ 0:5mgH ¼ 0:5ρgLbH2 ð4Þ

where ρ is the density of the orebody and g is the acceler-
ation of gravity.

2. Elastic potential energy Uv of crack loosen zone

The long-term action of overburden rock mass (soil) P0

generally leads to the dilatancy deformation of the rock mass
in the central area of the pillar, which further leads to radial
cracks, and part of the elastic potential energy resulting from
the bulk strain will be accumulated. According to the minimal
energy principle for the dynamic failure of rock mass (Zhao
et al. 2003), the minimum energy Umin required for pillar
failure is:

Umin ¼ σ2

2E
ð5Þ

where σ is the uniaxial compressive strength of the orebody.
In practical engineering applications, the energy required

for pillar failure is far greater than Umin owing to the coupling
effect of multiple forces. The safety factor k (k>1) is intro-
duced to represent the influence of multiple force coupling.
The area of maximum spacing between the radial cracks is
defined as the crack loosen zone, with a width of d. The
general integral form of the strain elastic potential energy of
the crack loosen zone can be written as follows:

Uv ¼ ∫kUmin
bL2

d
dx ¼ kσ2bL2H

2Ed
ð6Þ

3. External work W

Figure 3 demonstrates the simplified displacement me-
chanical model of the pillar, where the red arc area represents
the fictitious deformation zone of the pillar under the action of

Fig. 3 Simplified displacement mechanical model of the pillar
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P0 and qd, m is the radial generalized displacement corre-
sponding to P0, and n is the lateral generalized displacement
corresponding to qd.

Using the energy relationship (Chen et al. 2015), the work
WP0 andWqd done by the overburden stress and blasting stress
can be expressed, respectively, as follows:

WP0 ¼ P0m
Wqd ¼ qdn

�
ð7Þ

where m ¼ 1
2 ∫

H
0 y0ð Þ 2dx, which can be substituted into Eq.

(7). The general solution is:

WP0 ¼ P0m ¼ π2 A2 þ 9B2
� �

P0

H
Wqd ¼ qdn ¼ 1þ B2

� �
qdH

2L

8<
: ð8Þ

4. Total potential energy П of cracked strip pillar

Thus, based on the energy superposition principle, the total
potential energyП of the cracked strip pillar can be derived as
follows:

II ¼ Uw þ Uk þ Uv−Wp0−Wqd ¼
π4 A2 þ 81B2
� �

Eb
3

þ 0:5ρgbLH2 þ kσ2bL2H
2Ed

− 1þ B2
� �

qdLH
2−

π2 A2 þ 9B2
� �

P0

H
ð9Þ

Critical blasting load

Instability criterion

From the energy dissipation principle (Li et al. 2016), when
II " > 0 (II " < 0), the cracked strip pillar is stable (unstable),
and when II " = 0, the cracked strip pillar is in a critical state.

When the cracked strip bauxite pillar is exposed to the
stresses of overburden rock mass and blasting load, the poten-
tial energy function of the pillar is minimized. Furthermore,
when the blasting load reaches a certain limit, the tensile stress
will concentrate around the free surface of the pillar. In order
to avoid the instability and destruction of the pillar, the total
potential energy of the strip pillar should satisfy II " ≥ 0.

Critical blasting load

Both static and dynamic loads affect the stability of pillars
(Wang and Li 2010). As static loads are relatively constant,
we focus on the blasting dynamic load in order to meet the

calculation requirements for the dynamic stability of cracked
pillars.

By expressing II = 0, the blasting stress can be calculated as
follows:

qd
π4 A2 þ 81B2
� �

Eb

3 1þ B2
� �

LH2 þ ρgb
2 1þ B2
� � þ kσ2bL

2 1þ B2
� �

EdH
−
π2 A2 þ 9B2
� �

P0

1þ B2
� �

LH3

ð10Þ

Moreover, we apply the catastrophe theory of non-linear
science (Qin et al. 2001) to determine the steady-state equa-
tion of the strip pillar as:

∂II
∂A

¼ 0

∂II
∂B

¼ 0

8><
>: ð11Þ

Substituting Eqs. (9) and (10) into (11), the solution is
obtained as follows:

B ¼ 0

qd ¼
27π4EbH−9π2P0

LH3

(
ð12Þ

Setting A and B as state variables, we solve the first deriv-
ative of the total potential energy II′ and then set the solution
to zero in order to solve the equilibrium surface equation of
the strip pillar system. The two state variables in the total
potential energy equation result in two sharp points on the
equilibrium surface. From the energy catastrophe theory, the
sharp point on the equilibrium surface corresponds to II " = 0,
indicating the critical state of the strip pillar at this time. Due to
the smoothness of the equilibrium surface, II" at the sharp
point can be described as follows:

∂II
∂B∂B

¼ 54π4Eb−2qdLH
2 18π

2P0

H
¼ 0

∂II
∂A∂A

¼ 0

8>>><
>>>:

ð13Þ

Therefore, when B = 0, the sharp point on the equilibrium
surface corresponds to II " = 0, that is, when B = 0, the poten-
tial functionП of the cracked strip bauxite pillar is minimized,
and the cracked strip pillar is in a critical state. By substituting
B = 0 into Eq. (10), we can solve the critical blasting load qcr
(Mpa) as follows:

qcr
π4A2Eb
3LH2 þ ρgb

2
þ kσ2bL

2EdH
−
π2A2P0

LH3 ð14Þ

In Eq. (14), E (Mpa), P0 (N), A, and k are kept constant for
the strip pillar. Therefore, the principle factors affecting the
critical blasting load of the cracked strip pillar are pillar height
H, width b, length L, and width d of the crack loosen zone.
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In practical underground engineering applications, the
height, width, and length of the pillars are controllable vari-
ables, while the width of the crack loosen zone is non-
controllable.

Influencing factors

The complexity of underground mine engineering makes it
difficult to accurately control the explosive equivalent of each
blasting. Following a blasting operation, a large number of
long- and wide-scale cracks often appear inside the pillar.
This seriously reduces the overall strength of the pillars and
can lead to their eventual collapse. Therefore, research on the
quantitative relationship between the critical blasting load and
pillar height (H), width (b), length (L), and the crack loosen
zone width (d) can provide a theoretical basis for the stability
analysis of cracked strip pillars.

General conditions

Data was collected from the Chenguang underground bauxite
mine located in the Lvliang Mountains and the western edge
of the Loess Plateau at Liulin County in Shanxi, China (Fig.
4a). The geographic distribution of the mine is 37° 26′ 43″–
37° 27′ 26″ N and 110° 54′ 29″–110° 54′ 51″ E. The bauxite
orebody is situated on the Ordovician erosion surface and the
lower part of the Benxi formation in the CarboniferousMiddle
System. The deposit generally exhibits a bedded and stratoid
form, with an average thickness of less than 5.0 m and a
general strike of approximately 33° northeast. Furthermore,
it is inclined to the northwest direction, with a dip angle within
5.0°–12.0° and an average dip angle less than 10.0°. The sur-
face is characterized by gullies, the terrain is deeply cut, and
the weathering and denudation are strong (Fig. 4b). There is
no fault and collapse column in the mining area, and the geo-
logical structure is simple. From the top to the bottom layer,
the overburden rock (soil) strata largely consist of loess,
metasandstone, slate, and Shanxi-type hard clay. The hardness
coefficient f of the bauxite lies between 8.0 and 12.0, and the

joints and fractures in the orebody are well developed. Strip
open stope mining is the principle technique applied on the
mine, with millisecond short delay blasting using 2 # rock
explosives.

Physical and mechanical parameters

The physical and mechanical parameters of the bauxite rock
mass are determined according to the geological exploration
data and the laboratory experimental data (Fig. 5), as reported
in Table 1. The mechanical strength of the rock sample is
lower than that of the original rock mass, because the exper-
imental rock sample is carried out after excavation and
blasting. A value of 0.0015275 for A denotes the internal force
and deflection coefficients taken from Zuo et al. (2014). Based
on preliminary testing, we set safety factor k to 1.92. The
buried depth of the orebody is 120.0 m, and the self-weight
stress of the surrounding rock (soil) strata is P0 = 2.70 Mpa.

Pillar height H

In order to investigate the influence of pillar height on the
critical blasting load, the length of the cracked strip pillar (L
= 100.0 m) and the width of the crack loosen zone (d = 1.0 m)
were kept constant, and the pillar height (H) was set between
3.0 and 6.0 m. The pillars were divided into three groups
according to their width (3.0, 4.0, and 5.0 m). Figure 6 pre-
sents the variation of pillar critical blasting load determined
from Eq. (14) with respect to height H across pillar widths.

For constant strip pillar length L and crack loosen zone
width d, the critical blasting load qcrwas observed to decrease
as pillar height H increased. This is attributed to the weaker
self-stable bearing capacity of the cracked pillar at greater
heights. Furthermore, as the width was reduced, the center
of gravity of the curve shifted downward and closer to the
origin of the coordinate. This indicates that at a fixed height,
the narrower the cracked pillar width, the smaller the critical
blasting load qcr and the higher the risk of collapse and
instability.

Fig. 4 Field site at Chenguang
bauxite mine. (a) Geographical
location map of the mine. (b)
Image of the mine surface
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Pillar width b

In order to reveal the influence of pillar width on the critical
blasting load, the height of the cracked strip pillar (H) and the
crack loosen zone width (d) were fixed at 5.0 and 1.0 m,
respectively, and the pillar width (b) was set between 3.0
and 5.0 m. The pillars were divided into three groups accord-
ing to their length (60.0, 80.0, and 100.0 m). Figure 7 presents
the variation of pillar critical blasting load determined from
Eq. (14) with respect to width b across pillar lengths.

Critical blasting load qcr increased with pillar width b for
constant pillar height H and crack loosen zone width d, while
its variation rate decreased. When the pillar width increased to
a certain value (about 5.0 m), the critical blasting load stress
value stabilized. This implies that the influence of the internal
cracks on the anti-blasting impact ability of the strip pillars
was limited for greater widths. Furthermore, as the pillar
length decreased, the center of gravity of the curve shifted
downward and got closer to the origin of the coordinate.
Thus, at a fixed height, the shorter the cracked pillar length,
the smaller the critical blasting load qcr and the higher the risk
of collapse and instability.

Pillar length L

The influence of pillar length on the critical blasting load was
evaluated by fixing the height of the cracked strip pillar (H =
6.0 m) and the pillar width (b = 5.0 m). In addition, the pillar
length (L) was set between 60.0 and 100.0 m, and the pillars

were divided into three groups according to their crack loosen
zone widths (1.0, 1.2, and 1.4 m). Figure 8 presents the vari-
ation of pillar critical blasting load determined from Eq. (14)
with respect to length L across crack loosen zone widths.

For a fixed strip pillar height (H) and width (b), the critical
blasting load qcr increased with pillar length L. Comparing
Figs. 6 and 7 demonstrates that the critical blasting load am-
plitude exhibited minimal variations across pillar length and
the influence of pillar length on the critical blasting load was
limited. This is a result of the much larger strip pillar length
compared to its height and width, while the propagation of the
explosion stress wave from the adjacent stope blast source had
a fan-like effect, acting on the partial free sidewalls of the strip
pillar. Moreover, as the width of the crack loosen zone width
increased, the center of gravity of the curve shifted downward,
moving closer to the origin of the coordinate. This indicates
that for a fixed pillar length, the larger the crack loosen zone
width, the smaller the critical blasting load qcr and the higher
the risk of collapse and instability.

Width of crack loosen zone d

The impact of the crack loosen zone width on the critical
blasting load was investigated by fixing the cracked strip pillar
length (L = 100.0 m) and width (b = 5.0 m). Moreover, the
crack loosen zone width (d) was set within 0.0–2.0 m, and the
pillars were divided into three groups according to their height

Table 1 Physical and mechanical parameters of bauxite

Parameters Volumetric weight
(γ/kN·m−3)

Elastic modulus
(E/Gpa)

Compressive strength
([σ]/Mpa)

Poisson ratio
(μ)

Friction angle
(φ/(°))

Cohesion
(c/Mpa)

Value 22.50 3.50 8.17 0.24 45.52 4.32

Fig. 5 Compression experiment of the bauxite rock mass

Fig. 6 Variation of critical blasting load qcr with respect to height H
across pillar widths
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(4.0, 5.0, and 6.0 m). Figure 9 presents the variation of pillar
critical blasting load determined from Eq. (14) with respect to
crack loosen zone width d across pillar heights.

For a fixed strip pillar length (L) and width (b), the critical
blasting load qcr decreased as crack loosen zone width d in-
creased and was negatively correlated with pillar width b.
Furthermore, the curve exhibited an inflection point. There
was an obvious increase in the rate of reduction of qcr for
values of d greater than the inflection point. This coincides
with the degradation of the mechanical performance of the
pillar and a rapid reduction in the anti-blasting impact ability.

Figure 9 demonstrates the variation of the critical blasting
load qcr with respect to the crack loosen zone width d across
pillar heights. There was a downward shift in the center of
gravity of the curve as the pillar height increased, which con-
sequently decreased the width d of the loosen zone at the

inflection point. This indicates that for a fixed pillar height,
the larger the crack loosen zone width, the greater the degra-
dation damage of the strip pillar. This subsequently corre-
sponds to larger reductions in the critical blasting load stress
of the self-steady bearing. In addition, the higher the pillar
height, the greater the influence of the crack loosen zone width
on the critical blasting load of the cracked strip pillar.

Our results indicate that, in order to ensure the stability of a
pillar with radial propagation cracks, each blasting stress must
be less than the critical blasting load. For a constant blasting
load, measures such as reducing pillar height and pillar length
and increasing pillar width can improve the stability of the
cracked strip pillars.

Numerical verification

In order to verify the reliability of the proposed analytical
method in determining the critical blasting load qcr for cracked
strip bauxite pillars, we performed numerical simulations with
three unit goafs (Fig. 10). Midas-GTS/NX 2017 was applied
to simulate the excavation of each goaf unit. The influence of
dynamic and static loads on the stability of the reserved pillars
was considered, allowing for the monitoring of the particle
speed change rule inside the pillars. The specifications of the
model simulations are described as follows.

(1) Strip pillar parameters

The length and height of the strip pillar were 100.0m and
6.0 m (Fig. 10a), respectively. “Type I” tensile-extended radi-
al cracks were preset inside the pillar, with a crack loosen zone
width of 0.7 m (Fig. 10 b and c). The width of the reserved

Fig. 7 Variation of critical blasting load qcrwith respect to width b across
pillar lengths

Fig. 8 Variation of critical blasting load qcr with respect to length L
across crack loosen zone widths

Fig. 9 Variation of critical blasting load qcr with respect to crack loosen
zone width d across pillar heights
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pillar was set as 4.0 m. The physical and mechanical param-
eters of the bauxite rock mass are reported in Table 1.

(2) External loads

1 The overburden loess thickness was set as 120.0 m, while
2.7 Mpa was used for the self-weight stress, which was direct-
ly loaded on the upper contact surface of the pillar roof.

2 The input formula of the blasting stress from the adjacent
stopes is described as qd(t) = 5000 sin 10πt (Jiang et al.
2017b), acting on the cross section of the free sidewall of
the pillar (Fig. 10a), where t represents time.

3 Five datasets were used for comparative analysis, includ-
ing peak values 0.50, 1.00, and 2.00 Mpa. The analytical
critical blasting load qcr and maximum blasting load permitted
by the safety regulations were considered when determining
the parameter values. For example, the proposed analytical
critical blasting load of the cracked strip pillar determined
from Eq. (14) was 1.35 Mpa, and according to the Blasting
Safety Regulations (GB6722-2014) (2015), the maximum al-
lowable blasting load of the pillar was 1.42 Mpa.

(3) Boundary setting and failure criteria. The viscoelastic
damping boundary was set on the four sides of the mod-
el, while the free and fixed boundaries were set at the top
and bottom of the model, respectively. The failure of the
rock mass followed the Mohr-Coulomb criterion.

(4) The monitoring position was located at pillar No. 1 (Fig.
10a).

(5) Result and discussion. Figure 11 shows the velocity re-
sponse time-history curve of the monitoring point under
the blasting loads of 0.50, 1.00, 2.00, 1.35, and 1.42
Mpa.

For blasting dynamic loads of 0.50 and 1.00 Mpa, respec-
tively, the velocity of the monitoring point was much less than
the analytical value of the critical blasting load velocity, as
well as the maximum permitted value (GB6722-2014)

(2015). This demonstrates the stable state of the pillar. When
the blasting load was 2.00 Mpa, the velocity of time-history
curve of the monitoring point exceeded 23% of the upper limit
of the analytical critical vibration speed and 21.2% of the
upper limit of the maximum permitted value. This indicates
the possible instability of the pillar. Furthermore, the analyti-
cal value of the critical blasting load velocity was less than the
maximum permitted value by approximately 4%, indicating
the close-to-critical state of the pillar.

The numerical simulation results are generally consistent
with the proposed analytical results, thus verifying the ratio-
nality of the analytical method.

Case study

Goaf 3# located within the middle production section +1160
m of the underground bauxite was selected as the object of the
case study (Figs. 1 and 12). The stability monitoring of the
pillar under long-term dynamic and static loads was per-
formed across the period between April and September
2019. Field measurements determined the goaf span as 4.2
m, the radial crack height as 2.3 m, the crack loosen zone
width as 1.18 m, and the strip pillar length, height, and width
as 86.4, 5.0, and 4.0 m, respectively (Fig. 1).

In terms of the static load monitoring of the overburden
rock (soil) strata, there was no collapse in the goaf within 30
days after the completion of the mining. This suggests that the
cracked strip pillar was able to bear the static load of the
overburden rock (soil) strata (Figs. 1 and 12).

The Chengdu Zhongke Blasting Vibration Velocity
Monitor TC-4850 from the Chinese Academy of Sciences
was employed to monitor the impact of blasting stress waves
from the adjacent stopes (Fig. 3), with a range of 0.001–35.4
cm/s, resolution of 0.01 cm/s, and reading accuracy of 0.1%.
The monitoring point was located on the floor at the lower
edge of the pillar in contact with the roadway. The sensor and
the rock mass were rigidly fixed.

Fig. 10 Numerical simulation
model. (a) Structure of goaf, (b)
cracked strip pillar, (c) radial
crack propagation
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The non-static millisecond short delay blasting was
adopted in the adjacent stopes. The total explosive equivalent
of each blasting was 24.0 kg, and the maximum single-stage
explosive equivalent was 12.0 kg. The peak vibration velocity
resulting from the blasting stress wave at the monitoring point
was measured as 0.29 m/s (Fig. 13). Following a conversion
based on the Blasting Safety Regulations (GB6722-2014)
(2015), the maximum single-stage blasting load was deter-
mined as 1.24 Mpa.

The critical blasting load of the pillar was determined as
1.12 Mpa by Eq. (14). In comparison, the actually measured
blasting load exceeded 11% of the analytical critical value,
that is, exceeded the analytical limit bearing capacity of the
cracked strip pillar. This indicates the possible instability of
the pillar.

The instability and collapse of the pillar were frequently
observed in the target area during the later period of the mon-
itoring time window, and consequently, the goaf was ob-
served to seriously collapse (Fig. 14). This reveals the inability
of the cracked pillar to bear the long-term blasting load

beyond the critical value. The experimental results verify the
rationality of the proposed analytical method.

Discussion

The analytical solutions of the critical blasting load may ex-
hibit calculation errors as the rock mass of the strip bauxite
pillars is not completely continuous and elastic and has non-
linear deformation characteristics. In order to improve the an-
alytical calculation accuracy of the critical blasting load for
cracked strip bauxite pillars, crack propagation factors can be
adopted to perfect the theoretical formula of the actual poten-
tial energy of cracked pillars. In addition, the analytical meth-
od of the critical blasting load for cracked pillars is based on
the assumption of small internal deformations, ignoring pos-
sible plastic deformations. The influence of plastic deforma-
tion should be comprehensively considered in future studies.
At present, the relevant research on the crack loosen zone
width of cracked pillars is limited, with a lack of reasonable
engineering sample data. Moreover, measuring errors may be
associated with the cracks due to the visibility and the danger
of underground operations, which may affect the accuracy of
the final calculation results. However, this study focuses on
the influence of blasting load on the macro mechanical char-
acteristics of pillars, and analysis based on the visible domi-
nant cracks can essentially reflect the macro stress effect of the
pillar.

Conclusions

In the current study, we construct a mechanical model for
radial cracked pillars, based on field investigations of a sedi-
mentary bauxite underground mine in Shanxi, China. The
mathematical expression of total energy is derived based on
the energy dissipation theory. Combined with the instability

Fig. 11 Velocity-time curve of the monitoring point under different blasting loads. (a) Velocity. (b) Partial enlarged drawing

Fig. 12 Image of the goaf used in the stability monitoring experiment
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criterion, the analytical solution of the critical blasting load
(qcr) is determined, and the relationship between qcr and pillar
height (H), pillar width (b), pillar length (L), and crack loosen
zone width (d) is quantitatively investigated.

For a fixed strip pillar length (L) and crack loosen zone
width (d), the critical blasting load (qcr) is negatively correlat-
ed with pillar height (H).WhenH and d are fixed, qcr and b are
positively correlated. Furthermore, whenH and b are constant,
qcr gradually increases with L, yet the rate of change is small,
indicating that the influence of L is limited. When L and b are
fixed, qcr is negatively correlated with d. When the value of d
is greater than the inflection point, qcr decreases rapidly. This
indicates the serious deterioration of the anti-blasting impact
capacity of the pillar.

The numerical simulations reveal that the analytical value
of the critical blasting load velocity is less than the maximum
value permitted by the Blasting Safety Regulations (GB6722-
2014) by approximately 4%. The monitoring results of the

case study indicate that the cracked strip bauxite pillar cannot
bear a long-term blasting load beyond the analytical critical
value as it reaches a state of over-load instability. In the later
period of the monitoring window, both the pillar and the goaf
collapse, verifying the rationality of the analytical solution.
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