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Aimed at the problem to plug the main ore pass with the large collapse at Xingshan Iron Mine, the viscosity-time test and the heap
perfusion test of cement-silicate grout in a loose rock mass are carried out. The relationship between the vertical diffusion distance
of cement-silicate grout and setting time of grout is studied, and research results are applied to the design of plugging engineering of
the main ore pass in -330m. Based on the numerical simulation of the plugging structure and the long-term stress monitoring of the
cable sensors, the stability of the plugging structure itself and the control for the movement of shafts nearby are comprehensively
evaluated. The test results show that for a specific loose rock mass, the vertical diffusion distance of cement-silicate grout in the
loose rock mass is a power function of grout setting time. Based on the design concept to plug the main ore pass with the large
collapse using artificially constructed “bite-bonded arch,” the plugging design and construction procedures are proposed. A
numerical model and long-term monitoring of cable stress show that the plugging structure is stable and has an obvious effect
on the control movement of abutment shafts.

1. Introduction

The main ore pass as an important passage for ore transfer is
critical to maintaining normal production of all mines. The
main ore pass is affected by ore impact and long-term wear
of the wall; generally, there are a series of large collapses in
the local areas of the main ore pass [1, 2]. Due to the produc-
tion needs, the main ore pass is generally near by the main
shaft and auxiliary shaft, and the collapses have created a
direct threat to the stability of the nearby shafts. Therefore,
the main ore pass management and continued utilization
have become a prominent problem faced by many large
mines. Among them, the use of the lower section to plug
the severely collapsed upper section has become the preferred
strategy for most main ore passes, but under the normal con-
dition, this option faces the instability in the vicinity caused
by emptying the upper section of the main ore pas. Therefore,
it is the best choice to plug the main ore pass in the fully filled

state, but it is still necessary to overcome several problems
which include the controllable grouting and its filling
fullness.

Domestically and internationally, there are few studies on
the large collapse of the main ore pass, mainly focusing on
the mechanism and countermeasures of the overhanging
arch [2, 3], the stability analysis of the ore pass, and the
grouting reinforcement [1, 4]. Li et al. [5], Shi et al. [6], and
Qin et al. [7] are mainly centering on the microscomic frac-
ture of the laboratory test and the fracture due to water on
the collapse of rock mass. A set of equations is proposed for
the description of the distribution of the vertical suspended
sediment diffusion coefficient for engineering purposes
which improves the correlation with a set of measured diffu-
sion coefficient values by Kim and Jang [8]. Li et al. [9] use
large direct shear tests to investigate influences of shape
properties (symmetry and smoothness) of gravel particles.
Hadjigeorgiou and Lessard [10, 11], Vo et al. [12], and
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Szwedzicki [13] mainly studied the mechanism of an over-
hanging arch in the ore pass and its influence factors and
proposed some solutions. Kuang and Song [14] and Esmaieli
et al. [15] use numerical simulation to evaluate and analyze
the stability of the ore pass and its group with the large col-
lapse. Li et al. [16] conduct an exploratory study on the plug-
ging of the large collapsed ore pass at Xincheng GoldMine by
using the grouting reinforcement for the loose rock mass, but
the method has several shortcomings of low efficiency and
large difficulty in the construction. Li et al. [17–19] suggested
that the performance of the groutingmaterial be tested before
industrial production, and the yield criterion of the rock and
the weakening effect of water should be analyzed. Wang et al.
[20] and Meng et al. [21] analyzed the application prospects
of cement-water glass controllable grouting from energy pol-
icy and new material physical property prediction methods,
and they have good engineering application prospects.

Aimed at the problem to plug the main ore pass with the
large collapse at Xingshan Iron Mine, the viscosity-time test
of cement-silicate grout and the heap perfusion test of
cement-silicate grout in a loose rock mass are carried out.
The relationship between the vertical diffusion distance of
cement-silicate grout and the setting time of grout is studied,
and the research results are applied to the design of the plug-
ging engineering of the main ore pass in -330m at Xingshan
Iron Mine. Based on the numerical simulation of the
plugging structure and the long-term stress monitoring of
the cable sensors, the stability of the plugging structure itself
and the effect for the movement of the main shaft and
auxiliary shaft nearby are comprehensively evaluated.

2. Engineering Situation

2.1. The Status of the Main Ore Pass. Xingshan Iron Mine
which is attached to ShougangMining Company is an under-
ground large-scale iron ore mine with an annual output of 3.2
million tons. As the only main ore pass in the mine, it is
responsible for the entire mine transfer and becomes the
throat of this mine. The main ore pass is 45m away from
the main shaft and 50m away from the auxiliary shaft, as

shown in Figure 1(a). Since December 2010, the main ore
pass has appeared to have different damage in the different
sections of the ore pass including steel plate grinding, slip-
ping, and large-scale collapses in the wall, as shown in
Figure 1(b). At the level from -330m to -180m, there are as
many as 12 large-scale collapses, and the maximum collapse
span reaches 20m, resulting in a minimum distance of 25m
from the main shaft and auxiliary shaft to the collapsed area.
The large-scale collapses of the main ore pass have seriously
affected its own use and threatened the normal use of the
main shaft and auxiliary shaft.

2.2. Special Requirements to Plug the Main Ore Pass. Due to
the mine production needs, the production level needs to
be transferred from -180m to -330m; it means that the sec-
tion of the main ore pass below -330m still needs to be used.
Therefore, it is necessary to quickly plug the main ore pass
above -330m. Due to the serious collapse of the main ore
pass, the plugging scheme under conventional empty condi-
tion is likely to have a fatal impact on the stability of the
nearby shaft and station, and the risk of construction opera-
tion in the ore pass is too great. In addition, the construction
period is too long to cause a large economic loss for a mine
that is in production. Therefore, there is only one option to
plug the main ore pass with large collapses, that is, under
the condition that the ore pass is full of waste rock and the
personnel do not enter the ore pass; the main ore pass is
realized quickly in -330m.

This approach faces three key issues:

(a) Constructing the plugging structure under the condi-
tion of filling the ore pass can ensure the stability of
the plugging structure itself

(b) The construction of the nonentry plugging structure
is based on grouting to the loose rock mass, and the
grout cannot block the lower section of the ore pass
and the inclined drift in the level of -330m; that is,
the grout diffusion must be controlled in the vertical
direction. Controllable grouting is also the core of
this project
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(b) Collapse area in -330m of the main ore pass

Figure 1: The status of the main ore pass.
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(c) The influence of the constructed plugging structure is
on the stability of the main shaft and auxiliary shaft

2.3. Design Idea to Plug the Main Ore Pass. In order to answer
the above three key questions, the analysis is based on design
ideas and technical measurements are decomposed step by
step as follows:

(a) The plugging mode of the ore pass is inspired by the
phenomenon of overhanging arches frequently
occurring in ore passes [2, 3], and the occlusal arch
and cohesive arch in the overhang arch are fully
combined to form a stable plugging structure by
constructing a “bite-bonded arch,” which is formed
by methods of grouting and installing a cross steel
body in the loose rock mass, as shown in Figure 2

(b) Based on the characteristics of large voids in the loose
rock mass, it is difficult to control the diffusion range
of cement grout in the loose rock mass. Therefore,
cement-silicate grout is used to expect controllable
diffusion in the loose rock mass based on its
viscosity-time-denatured characteristic. But the dif-
fusion distance, especially the vertical diffusion dis-
tance, is still a problem to be solved, which will be
discussed below

(c) Numerical modelling is used to fully evaluate the
influence of the scheme for the surrounding main
shaft and auxiliary shaft

3. Controllable Grouting of Cement-Silicate
Grout in the Loose Rock Mass

3.1. Viscosity Time-Varying Characteristic of Cement-Silicate
Grout. During the plugging project of the main ore pass, the
cement-silicate grout infusion in the loose rock mass must be
vertically controllable, that is, the coupling effect in the verti-
cal flow between the grout of viscosity time-varying and the
loose rock mass with a large void. This problem belongs to
the one-dimensional seepage of typical unsteady fluids, and
the solution is more complicated. Based on plugging engi-
neering requirements of the main ore pass, this problem is
simplified and solved in view of engineering.

First of all, it is necessary to clarify the general law of vis-
cosity time-varying characteristic for cement-silicate grout.

The Brookfield’s new R/S+ rheometer was used to carry out
the viscosity time-varying test of two-proportion grout. It
was found that the viscosity of the cement-silicate grout
showed a power function change with time, as shown in
Figure 3. This is consistent with the findings of relevant
scholars like Liu [22].

By fitting the two-proportion grout, the following
formula can be used uniformly:

μ tð Þ = Aeat , ð1Þ

where A and a are constants related to the viscosity of the
cement-silicate grout, which can be obtained by fitting the
experimental data. It shows that the viscosity of the
cement-silicate grout of a specific ratio is only a function
related to t, and the function can be divided into two stages:
the grout viscosity is close to 0 and the viscosity of the grout
rapidly climbed in a short period of time.

3.2. Scientific Conception of Controllable Grouting of Cement-
Silicate Grout in the Loose Rock Mass. Combined with the
specific engineering needs that vertical flow of cement-
silicate grout cannot block the lower section of the ore pass,
in view of practical technology, it is assumed that the one-
dimensional vertical diffusion distance of cement-silicate
grout with different setting times in the specific loose rock
mass is also expressed as a function only related to the setting
time. For this reason, some data of one-dimensional vertical
seepage diffusion from the heap grouting test (Figure 4(a))
and the plugging engineering application (Figure 4(b)) are
fitted, and the curve is shown in Figure 4(c). The specific
expression is as follows:

H tð Þ = Bebt , ð2Þ

where HðtÞ is the vertical diffusion distance of the cement-
silicate grout in the loose rock mass (m), t is the setting time
of the grout, and B and b are the constants related to the
setting time of cement-silicate grout and the loose rock mass.
These are fitted from the heap grouting test.

It shows that the vertical diffusion distance of the
cement-silicate grout in the loose rock mass can also be fitted
to the power function, and the correlation is good, which is
also consistent with the scientific assumption above.

For the specific loose rock mass, the correlation between
the one-dimensional vertical diffusion distance of the
cement-silicate grout and the setting time of grout can be

Grout aggregate

Cross steel body

Figure 2: Main idea of the plugging design of the main ore pass: (a) occlusal arch; (b) cohesive arch; (c) artificial bite-bonded arch.
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achieved by fitting the multiple data from heap grouting tests.
The vertical diffusion distance of the cement-silicate grout in
the loose rock mass is predicted to determine the required
grout setting time and grout proportion in the reverse direc-
tion, so as to realize the controllable diffusion of cement-
silicate grout in the large scale of the loose rock mass.

This kind of solution method based on engineering needs
can fully meet the accuracy requirements of engineering
technology.

4. Design and Application of the
Plugging Scheme

Based on the design idea of the main ore pass plugging, a
man-made “bite-bonded arch” was constructed. The specific
plugging design and construction process flow are shown in
Figure 5.

Step 1. With the emptying of ores in the lower ore mass,
gradually pour 2800m3 of 4 cm~6 cm gravels from the level
of -180m to replace ores in the plugging area, so as to avoid
extreme condition that the large-diameter stone cannot be
passed by casing. So the construction efficiency and grouting
effect can be ensured.

Step 2. Consider the vertical controllable grouting results
and the grouting effect in the horizontal direction, 6 rows of
casing pipes are arranged on the side of the measure chamber,
wherein the row spacing between the first row and second row
is 0.5m. The row spacing between the 3rd and 5th rows is
0.8m, the spacing is 1.0m, and the lower cross-control pipe
spacing is 1.0m. The 3 rows of casing pipes are arranged on
the side of the linking drift to the main ore pass, and the spac-

ing is 2.0m. Firstly, pipes located in the measure chamber are
constructed, and pipes located in the linking drift to the main
ore pass are followed, which is shown in Figure 6.

Step 3. Six φ15:24mm cables are interspersed in the every
pipe, and six cables are bundled to form a prestressed cable
bundle. Finally, a diagonally inclined structure is formed on
both sides of the main ore pass. The design length of the
anchoring section is 7~8m.

Step 4. In order to control the vertical diffusion distance,
based on the results of the heap grouting test, the setting time
of cement-silicate grout is 140 s and 200 s, and the vertical
maximum diffusion length of the grout is 7.2m and 15.7m,
respectively. The vertical flows stop automatically when they
flow to the lower mouth of the inclined drift, and the grout
diffusion range just meets the engineering design require-
ments. In order to control the grouting effect, the overflow
hole arrangement located in the casing pipe body is also opti-
mized. An overflow hole is arranged at a distance of 30 cm
along the pipe body, and the plume-shaped arrangement is
applied in the longitudinal direction.

The appropriate spacing between the casings is designed,
and 81 pipes are used during the engineering. Due to the con-
trollable grouting of the cement-silicate grout in the loose rock
mass, the voids in the loose rock mass may not be completely
filled with the grout, and somewhere is empty. Therefore, the
stone body of cement-sodium silicate grout in the loose rock
mass is multiple aggregates bonded by the grout and loose
rock mass. The formed aggregates are interspersed together
by prestressed cables, which finally constitute about 27 aggre-
gates. These aggregates bite and bond together to form a plug-
ging structure for the main ore pass with large collapses.
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Figure 3: Determination and viscosity characteristics of cement-sodium silicate grout.
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Step 5. After the grouting body has been cured for 7 days,
the prestressed cables are tensioned to a design value of
600 kN. Then, the rocks in the lower section of the ore pass
are emptied, and the function of using the lower section of
the main ore pass is completely restored.

5. Stability Evaluation

In order to evaluate the stability of the plugging structure,
numerical modelling of the stability of the plugging structure
is carried out. In addition, the stress of cables at the typical
areas of the plugging structure is monitored for a long time.

5.1. Numerical Modelling

5.1.1. Engineering Mechanics Model. The engineering geome-
chanics model based on the main ore pass with large col-
lapses is shown in Figure 7. The model with size of
190m × 190m × 250m is given, including key projects such
as the main ore pass, main shaft, auxiliary shaft, measure
chamber, and linking drift to the main shaft from -180m to
-360m. The model has a total of 291,069 zone elements and
156,507 nodes, and physical and mechanical parameters of
zone elements are shown in Table 1 from Wang [23] and
Yu et al. [24]. Among them, after fully considering the filling
degree of the stone body of the cement-silicate grout, the
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Figure 4: Realization of controllable grouting of cement-silicate grout in the loose rock mass.
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Figure 5: Plugging design and construction process flow of the main ore pass.
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physical and mechanical parameters of the stone body are
comprehensively evaluated. The failure criterion is Mohr-
Coulomb. In the simulation, the cable is made of cable ele-
ments, and the interfaces between the inner filling and the
wall of the ore pass are made of interface elements. The for-
mula to calculate the normal stiffness and shear stiffness of
different interfaces is as follows:

kn = ks = 10 ×max J + 4Gð Þ/3
ΔZmin

� �
, ð3Þ

where J is the bulk modulus of the filling in the ore pass, G is
the shear modulus of the filling in the ore pass, and ΔZmin is
the minimum grid size of zones between the filling and the
surrounding rocks.

The mechanical parameters of the interface are calculated
according to the above formula and shown in Table 2, and
the shear strength parameters of gravels are mainly based
on the suggested values given in Wang [23]. In addition,
the deformation parameter and density are used according

to the filling time in the long-term situation given in Xie
et al. [25]:

ρ = 1600 + 800 1 − e−1:25t
� �

,

E = 15 + 175 1 − e−1:25t
� �

,

μ = 0:05 + 0:2 1 − e−1:25t
� �

,

ð4Þ

where t is the time (a), ρ is the density of gravels (kg/m3), E is
the elastic modulus of gravels (MPa), and μ is Poisson’s ratio
of gravels.

5.1.2. Simulation Scheme. In order to evaluate the stability of
the main ore pass, main shaft, and auxiliary shaft before and
after the plugging, three conditions were simulated as follows:

(a) Plugging: the above plugging design scheme is adopted,
and the lower section of the main ore pass is emptied

(b) Emptying: the main ore pass is completely emptied

Linking drift to
air shaft

Main ore pass

Measure
chamber

Observation drift
Ore dumping chamber

Linking drift to
main shaft

Figure 6: Design and construction of controllable grouting in the plugging project.
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Figure 7: Engineering geomechanics model.
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(c) Nonplugging condition: the lower section of the
main ore pass is emptied, but the upper section is still
filled with waste rocks

5.1.3. Stability Evaluation of the Plugging Structure Itself. In
order to fully illustrate the self-stability of the designed plug-
ging structure, a typical vertical section is selected for

Table 2: The mechanical parameters of interfaces.

Interface
Normal stiffness kn (GPa·m-

1)
Shear stiffness ks (GPa·m-

1)
Poisson’s ratio

(°)
Cohesive force

(MPa)

Surrounding rock and gravel 8.52 8.52 33.5 0

Surrounding rock and grouting
gravel

35.8 35.8 30.0 0.225

Zone Z displacement
Cut plane: on

2.8762E–02
0.0000E+00
–5.0000E–02
–1.0000E–01
–1.5000E–01
–2.0000E–01
–2.5000E–01
–3.0000E–01
–3.5000E–01
–4.0000E–01
–4.5000E–01
–5.0000E–01
–5.5000E–01
–6.0000E–01
–6.5000E–01
–7.0000E–01
–7.4937E–01

(a) Plugging

Plugging
area

Zone Z displacement
Cut plane: on

1.5414E–02

1.5000E–02

1.2500E–02

1.0000E–02

7.5000E–03

5.0000E–03
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0.0000E+00

–2.5000E–03

–5.0000E–03

–7.5000E–03

–1.0000E–02

–1.2500E–02

–1.4839E–02

(b) Nonplugging

Figure 8: Vertical deformation distribution diagram of the plugging area.

Table 1: The physical and mechanical parameters to be used.

Rock mass
Density (kg·m-

3)
Elastic modulus

(GPa)
Poisson
ratio

Friction angle
(°)

Cohesive force
(MPa)

Tension strength
(MPa)

Surrounding rocks 2660 5.16 0.25 42.7 1.93 0.29

Replacement of
gravels

2400 0.19 0.25 40.5 0 0

Grouting stone body 2000 1.00 0.30 36.5 2.25 0.10

Auxiliary shaft

Collapse outline of the main ore pass
Main shaft 

Main ore pass

(a) I-I

Auxiliary shaft

Collapse outline of the main ore pass
Main shaft

Main ore pass

(b) II-II

Figure 9: The maximum collapse section to be analyzed.
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comparative analysis between the condition of plugging and
the condition of nonplugging as shown in Figure 8. In the
nonplugging condition, after the waste rock in the lower sec-
tion is emptied, the same time step is calculated and the ver-
tical deformation of the bottom reaches 74.9 cm; that is, the
friction between the waste rocks and the side wall cannot pre-
vent the vertical movement of the waste rocks in the upper
section. In the plugging condition, after the plugging is fin-
ished and the waste rocks in the lower section are emptied,
the same time step is calculated and the maximum vertical
deformation amount at the bottom of the plugging area is
0.25 cm.

The overall deformation of the plugging structure is
small, indicating that the downward movement deformation
of the plugging structure is effectively controlled by using the
plugging design, and the plugging structure is at a stable state.

5.1.4. Influence of the Plugging Structure on the Main Shaft
and Auxiliary Shaft. In order to fully explain the control
effect of the designed plugged structure on the movement
of the nearby main shaft and auxiliary shaft, the two typical
horizontal sections in Figure 9 were selected for comparative
analysis of the condition of emptying and the condition of
plugging; analysis results are shown in Figure 10. It can be
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seen that in the empty state, the displacement of the main
shaft and the auxiliary shaft caused by the large collapse of
the main ore pass is about 5mm, which may cause the defor-
mation of the main shaft and auxiliary shaft at these posi-
tions. In the case of the plugging condition, since the entire
collapsed area of the main ore pass is filled with the waste
rocks, the deformation of the main shaft and auxiliary shaft
is small, and the stability of the main shaft and auxiliary shaft
is not affected. Therefore, the designed plugging structure
can meet the requirements for maintaining the stability of
the main shaft and auxiliary shaft nearby.

5.2. Analysis of Monitoring Results. In order to truly reflect
the stable state of the main ore pass after repair, since other
measuring devices cannot be directly installed on the plug-
ging structure, a high-precision cable sensor that can reflect
indirectly the stability of the plugging structure is preferred,
and it is installed on the cable bundle for continuous moni-
toring, as shown in Figure 11(a).

Among them, 1#~4# monitoring points are installed at
the core of the collapse area of the main ore pass, and 5# is
located at the edge.

According to the monitoring results in Figure 11(b), the
monitoring data of the five sensors tend to be stable after
the short-term adjustment, so the “bite-bonded arch” which
is based on the controllable grouting of the cement-silicate
grout in the loose rock mass is reasonable and reliable in
structure. It shows that the controllable grouting of cement-
silicate grout in the loose rock mass has been successfully
applied in the plugging project of the ore pass with the large
collapse.

6. Conclusion

In this paper, the controllable grouting technology of the
cement-silicate grout in the loose rock mass is proposed.
Based on the technology, combined with the actual situation
of the plugging of the main ore pass at Xingshan Iron Mine, a
man-made “bite-bonded arch” based on the plugging design
concept is proposed, and related engineering is carried out.
The stability of the plugging structure is comprehensively
evaluated by numerical modelling and long-term monitoring
of cable stress. The conclusions are as follows:

For the specific loose rock mass, the correlation between
the one-dimensional vertical diffusion distance of the
cement-silicate grout and the setting time of grout can be
achieved by fitting the multiple data from heap grouting tests.
The vertical diffusion distance of the cement-silicate grout in
the loose rock mass is predicted to determine the required
grout setting time and grout proportion in the reverse direc-
tion, so as to realize the controllable diffusion of cement-
silicate grout in the large scale of the loose rock mass.

Based on the design concept of constructing a man-made
“bite-bonded arch” in the main ore pass with the large col-
lapse, a 5-step main ore pass design and construction process
flow are proposed with multiple grouting aggregates as the
core.

Based on the results of numerical modelling and long-
term monitoring of cable stress, the plugging structure is sta-

ble and the plugging scheme is effective to control the move-
ment deformation of the main shaft and auxiliary shaft
nearby.
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