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To meet the project demands of controlling the floor heaves in broken soft rocks, a new
high-performance grouting material was studied. The main performance parameters of the
grouting materials with different ratios, such as the setting time, the density and bleeding
ratio, the viscosity, and fluidity, were investigated in the laboratory tests. The results
indicated that the optimal additive ratio is 6‰. The unconfined compression strength tests
and conventional triaxial compression tests were carried out on the common and
reinforced mudstones, which indicate that the strengthened effect of the new grouting
materials is significant. The new high-performance grouting material was applied to
controlling the floor heaves of the broken soft rocks in the coal mine. The numerical
simulation and filed monitoring results indicate that the new grouting material can
effectively improve the strength of soft rock and control the floor heaves.
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INTRODUCTION

More and more deep soft rock roadways are under construction with the increase in mining depth. The
soft rock roadways have the characteristics of soft surrounding rock, low strength, and low stability, which
have brought great difficulty to the development and maintenance of the roadways [1–3]. Rib spalling,
roof fall, and floor heaves due to soft rock swelling occur frequently, which extremely impair the safety in
coal mine production. Therefore, to explore an effective approach and technique to improve the
surrounding rock structure is the key problem to be solved in soft rock roadway support [4–6].

Floor heave is a kind of large deformation failure, which also occurs in the deep soft rock
roadways, results in great money loss, and greatly affects the safety production [7, 8]. Many scholars
have studied floor heaves based on different methods such as laboratory tests, in situmonitoring, and
numerical simulation [9–15]. Zhong et al. [16] investigated the occurrence mechanism and
influencing factors of the floor heaves for soft rock tunnels by means of field investigations and
geologic surveys, which provide a theoretical basis for the forecast of the floor heave. To solve the
problem of stability control in soft rock roadways, Chang et al. [17] revealed the mechanism of floor
heaves and designed reasonable support parameters of hydraulic expansion bolts. The results showed
that the hydraulic expansion bolts can reduce the plastic zone in the floor.

In the 1940s, grouting materials were widely used in engineering. In the 1960s, organic polymer
materials developed rapidly, and chemical groutingmaterials such as urea-formaldehyde resin, lignin, and
acrylamide were successfully developed. Since the 1970s, grouting materials such as ultra-fine cement
slurry and cement water–glass C-S slurry have been widely used because of their low pollution and
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excellent performance [18, 19]. Appropriate cement grouting is an
effective floor reinforcement technique that can control excessive
floor heaves. Injecting cement grout into roadway floors can provide
a more uniform reinforcement throughout the floor. So far, the
grouting reinforcement technique has been widely used in roadway
support. The grouting material is a key factor affecting the grouting
effect. Thus, many scholars have carried out considerable research
works on grouting materials [20–25]. Shimada et al. [26] studied the
reinforcement effect of cement grouting materials with different
water–cement ratios on the floor. Sun et al. [27] carried out tests to
manufacture a new anti-swelling groutingmaterial. The results show
that the optimal ratio of the additive is 5‰ when the water–cement
ratio is 0.5: 1, and the grouting material can enhance the strength of
the broken and swelling soft rock. To study the influence of grouting
reinforcement on the mechanical properties of rock mass fractures,
an innovative method for making rock mass fracture specimens is
proposed by our team, which overcomes the difficulty of the original
rock fracture sampling. The grouting reinforcement test was carried
out on the self-developed fractured rock mass grouting system
platform, and the normal and tangential mechanical loading tests
were performed on the rock mass fracture specimens after grouting
reinforcement [28, 29].

In this study, a new high-performance groutingmaterial has been
found. The main performance parameters of the grouting materials
with different ratios were investigated in the laboratory tests. The
unconfined compression strength tests and conventional triaxial
compression tests were carried out on the common and reinforced
mudstones, which indicate that the strengthened effect of the new
grouting materials is significant. The numerical simulation and filed
monitoring results indicate that the new grouting material can
effectively control the floor heaves.

MATERIALS AND METHODS

Experimental Materials
The main components of the experimental materials are
superfine cement and active mineral composite additives, and
the cement mainly consists of CaO (49.36%), SiO2 (29.12%),
Al2O2 (10.08%), Fe2O3 (6.03%), and MgO (5.41%).

Performance Parameters of Cement Grout
With Different Proportions
For the broken soft surrounding rocks, the water–cement ratio of
the cement grout is usually set as 1:1, 0.9:1, 0.7:1, 0.6:1, and 0.5:1,
and thus the intermediate ratio of 0.7:1 is chosen in this study.

The function of the active mineral composite additive is to reduce
the viscosity and increase the fluidity. The additives were added
into the cement grout with the increase in mass percent by 3‰. It
was found that the viscosity and fluidity of the cement grout had
no obvious changes when the mass percent of the additive
reached 9‰, and thus, the performance tests of the cement
grout were carried out with the additive ratio of 0‰, 3‰,
6‰, and 9‰.

Setting Time of Cement Grout
The initial setting and final setting times of the cement grout with
different proportions were measured using the standard Vicat
apparatus. The cement paste was mixed according to the ratio,
filled in the mold, and then cured in the moisture curing box. The
first test was performed after 30 min. When the needing test
moved down to the position of about 4 ± 1 mm away from the
bottom board, the cement grout entered the initial setting state,
and the time from the cement addition to the initial setting state is
the initial setting time. Then the mold was rotated 180° and cured
again in the moisture curing box. When the depth of the needing
test insertion sample is 0.5 mm, the cement entered the final
setting state, and the time from the cement addition to the final
setting state is the final setting time.

Density and Bleeding Ratio of Cement Grout
The bleeding ratio is used to describe the volume of the residual
cement grout after stewing. The prepared cement and additive are
added to the water, and fully stirred using the cement paste mixer.
Then the mixture is put into the measuring cylinder, the quantity
and volume are measured, and then the density of the cement
grout is calculated. The grout is maintained for 2 h, the volume of
the underlayer grout is read, and the bleeding ratio is calculated.
When the additive ratio is less than or equal to 6‰, the density of
the grout materials decreases with the additive ratio increasing.
As the additive ratio continues to increase, the density shows little
change. It was found that the bleeding ratio with 6‰ additive
ratio was lower than those with other additive ratios.

Viscosity and Fluidity of Cement Grout
The viscosity of the cement grout is measured using the funnel
viscometer. First, the cement paste is poured into the viscometer
through the mesh screen, whose outlet is stanched with hand.
Then a 500-ml measuring cup is put under the outlet of the
funnel, and the outlet is opened. At the same time, the stopwatch
is started and the flow time of the grout is signed until the 500-ml
measuring cup is filled up with the grout materials. The fluidity of
the cement grout is measured through the fluidity test mold. First,

TABLE 1 | Mechanical parameters of mudstone and solid.

Compressive
strength/MPa

Elastic modulus/MPa Poisson ratio Shear modulus/GPa Cohesion/
MPa

Internal friction
angle/(°)

Common mudstone 7.41 3.01 0.25 1.32 3.34 15.69
Solid for 7 days 11.56 8.14 0.27 3.04 4.15 15.43
Solid for 14 days 15.44 11.23 0.26 4.57 5.43 18.32
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the fluidity test mold is placed in the middle of the test board,
which is smooth, clean, and waterless. Then, the fluidity test mold
is filled with the prepared grout materials, and moved on up
5–10 cm in 2 s, holding the position for 10–15 s to let the
materials flow smoothly. After 4 min, the diameters of two
vertical directions are measured and the average is taken,
which is the fluidity of the cement grout. It was found that
the viscosity of the grout materials decreases and the fluidity
increases with the additive ratio increasing.

Optimal Ratio
The lower grouting pressure is usually adopted in the soft rock
roadway. This requires the grout materials to have a lower viscosity
and a higher fluidity, to ensure the o expansion of the infiltration

radius of the grout materials. To reduce water swelling, the grout
materials should have a lower bleeding ratio. Through
comprehensive consideration of the physical and mechanical
properties of the grout materials, the optimal additive ratio is 6‰.

Mechanical Characteristics of Grouting
Reinforced Mudstone
The unconfined compression strength tests and conventional
triaxial compression tests were carried out on the common
and reinforced mudstones, respectively, in a RMT-301 servo-
controlled rock mechanics experimental system. The mechanical
parameters of common mudstone and the solid for seven and
14 days are listed in Table 1.

FIGURE 1 | Simulated results of Scheme I.
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Compared with the mudstone samples, the unconfined
compressive strength of the solid for 14 days increased by 108.4%,
the elasticmodulus increased by 273.1%, the shearmodulus increased
by 246.2%, and the cohesion increased by 62.3%. Compared with the
solid for 7 days, the unconfined compressive strength of the solid for
14 days increased by 33.6%, the elastic modulus increased by 37.9%,
the shearmodulus increased by 50.3%, and the cohesion increased by
30.8%. It was found that the mechanical parameters of the solid for
7 days have reached 70% of those for 14 days, which indicate that the
strengthened effect of the grouting materials is significant.

RESULTS

Engineering Application
The tape machine roadway located in the south wing of the Gubei
coal mine is the main coal haulage system of the south wing. The

maximum horizontal principal stress is 19.65 MPa, and the
direction is 335°, which strikes obliquely to the roadway. The
lateral pressure coefficient reaches an average of 1.11, and thus,
the roadways are under a higher environment of geo-stress.
According to the long-term on-site monitoring, the
surrounding rock of the roadway is very unstable, and the
floor and two sides may lose stability. The floor heave is a
serious issue and threatens the stability of the adhesive tape
machine and the coal haulage system.

Model Foundation
The engineering geological model of the tape machine roadway is
built by UDEC based on appropriate simplification. The geometry of
the model is 70m × 45m. There are 7,544 blocks, 51,268 units, and
48,700 joints. First, the model reaches the equilibrium state in in situ
stress, and then the roadway is excavated. The combined supporting
technique is applied to the shear stress concentration zone in the

FIGURE 2 | Simulated results of Scheme II.
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spandrel, the tensile stress concentration zone in the sides, and the
floor: the prestressed high strength shear bolt, the prestressed anchor
cable, and grouting. The grouting material is divided into common
concrete grouting material (Scheme I) and high-performance
grouting material (Scheme II). The space between two bolts is
700 × 700mm, and the length of a bolt is 2,800mm. The space
between two anchor cables is 1,400 × 1,400mm, and the length of an
anchor cable is 6,000mm. The thickness of the grouting layer is
150mm.

Numerical Simulation Results
Stress redistribution would occur due to the excavation disturbance,
and the plastic zone forms in the surrounding rock of the roadways.
Figures 1–3 show the simulated results of different schemes. In
Scheme I, the range of stress concentration around the roadway is
relatively large, and a large shear plastic zone appears after excavation.
The local block (the so-called key block) slips, forming a failure zone
dominated by tension failure. The deformation at the bottom of the
roadway is large. In Scheme II, because of the application of grouting
reinforcement measures at the side arch, the degree of stress
concentration and the area are significantly reduced. Because of
the combined support of multiple means, the floor heave is greatly
reduced and tends to be stable, and there are only long shear and
tensile plastic zones in the bottom plate. The new grouting materials
used in Scheme II have better reinforcement performance, which can
effectively improve the strength of soft rock and control the floor
heaves.

Field Monitoring Results
The new high-performance grouting materials were used in
managing the floor-heave problem in the tape machine
roadway. Monitoring work shows that the floor heave rate
reduces to 0.05 mm/d about one month after treatment, and
the floor gradually reaches a steady state.

According to the monitoring results of the side deformation,
the stability of the two sides after grouting has been significantly
improved, and the deformation rate has been reduced from
10 mm/d to 0.5 mm/d. All the aforementioned results indicate

that the new grouting materials can effectively control the floor
heaves in the soft rock roadway.

DISCUSSION

The action mechanism of the grouting material proposed by us
is reflected in the consolidation and enhancement of
surrounding rock fissures. After grouting, the surrounding
rock fissures are bonded, which improves the integrity of
the surrounding rock and the shear strength and stiffness of
the fissures. After the grout is filled into the fracture, a new
network skeleton structure is formed, which makes the
deformation modulus of the fractured rock mass increase
significantly; after the fracture is filled, the stress
concentration at the end of the fracture is greatly weakened
or even disappears, changing the original fracture expansion
and failure mechanism, and curbing the rheological
deformation of the surrounding rock. The widely used
cement-based inorganic grouting material is too brittle (the
strain before the peak is less than 1%, and the stress is vertical
drop type after the peak), the fracture surface of the
surrounding rock undergoes a slight shear and tension
deformation, and the grouting stone body will fail.
Although resin-based organic grouting materials can meet
the requirements of strength and deformation properties,
they are too expensive to be used in large quantities. The
grouting material proposed by us is an economical and
practical one. The numerical simulation results and filed
monitoring results indicate that the new high-performance
grouting material can effectively improve the strength of soft
rock and control the floor heaves.
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FIGURE 3 | Floor heaves of different schemes.
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