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In the treatment of goafs in traffic engineering, technical problems such as those related to large-volume grouting and the precise
control of material properties are often encountered. To address these issues, we developed a new composite material comprising
cement-fly ash-modified sodium silicate (C-FA-MS). The setting time, fluidity, unconfined compressive strength, and
microstructure were varied for different proportions of cement-sodium silicate (C-S) slurry, cement-fly ash-sodium silicate (C-
FA-S) slurry, and C-FA-MS slurry, and their performances were compared and analysed. The experimental results showed that
the initial setting time of the slurry was the shortest when both the original sodium silicate volume ratio (VS) and modified
sodium silicate volume ratio (VMS) were 0.2. The final setting time of the C-S and C-FA-S slurries tended to decrease but then
increased with decrease in VS, while that of the C-FA-MS slurry increased with lower VMS. The fluidity of the C-FA-S and C-
FA-MS slurries decreased with decrease in VS or VMS at different fly ash admixture ratios. The consolidation compressive
strength of C-S increased with decreasing VS, while that of C-FA-S showed a considerable increase only when VS decreased
from 0.4 to 0.2. Meanwhile, the compressive strength of the C-FA-MS concretions first increased and then decreased with
decrease in VMS. Microstructural analysis revealed that there were more cracks in the C-S agglomerate, the fly ash in the C-
FA-S agglomerate reduced the relative density of the skeletal structure, and the stronger cross-linking in the C-FA-MS
agglomerate improved the strength of the agglomerate. Under the condition of unit grouting volume, the cost of the C-FA-MS
slurry was approximately 44.7% and 31.3% lower than that of the C-S and C-FA-S slurries, respectively. The new C-FA-MS
material was applied for the treatment of the goaf in the Wu Sizhuang coal mine. Core drilling detection and audiofrequency
magnetotelluric survey revealed that the goaf was sufficiently filled.

1. Introduction

Coal is the most widely distributed fossil energy resource
worldwide. Currently, it is still one of the main energy
sources for industrial production and social life in China,
and it is expected that its use will continue for a long time
in the future. A large number of old and new mined-out
areas are formed, owing to the increasing demand for
energy, in the process of coal mining, which may lead to sur-

face collapse. With stricter regulation of “Belt and Road Ini-
tiative (BRI)” and the “Building China’s Strength in
Transportation” national strategies, China’s transportation
infrastructure has developed rapidly. However, the construc-
tion of railroads, highways, subways, and other transporta-
tion facilities frequently encounters these mined-out
regions, which may lead to various types of mining collapse
areas, leading to technical problems such as road structure
stability, settlement deformation control, and effective filling
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of goaf, along with severe regulations of ecological environ-
mental protection and threat to the safety of people’s lives
and properties [1, 2].

Treatment methods such as caving, grouting reinforce-
ment, and filling are typically used to deal with various types
of goafs [3]. Among them, the grouting method is com-
monly used for the treatment of mined-out areas of traffic
engineering by filling holes, strengthening rock and soil
masses, and using advanced technologies. Ma et al. [4, 5]
studied the non-Darcy hydraulic properties and deformation
behaviours of granular gangue in laboratory, in theory, and
in situ. They effectively evaluated the reuse of gangue wastes
by gangue backfilling mining (GBM) and its advantages in
overburden aquifer protection. Moreover, a series of point
bending tests were carried out on granite disc samples with
the same diameter but different heights. Acoustic emission
experiments were then performed to study the effect of the
height/diameter ratio (H/D) on the failure properties and
damage characteristics of the samples under coupled bend-
ing and splitting deformation. Liu et al. [6] established a
mechanical model of grouting reinforcement for fractured
rock mass and analysed the influence of factors such as the
degree of rock mass fragmentation and bonding perfor-
mance of grouting materials on the solidification strength.
They also proposed a formula for calculating the strength
of reinforced solids to better predict the reinforcement
strength of a fractured rock mass. Qing-song et al. [7] stud-
ied the grouting diffusion law of cement-sodium silicate
slurry in flowing water, providing valuable insights for guid-
ing the design and construction of grouting to deal with
water inrush disasters. Xuan et al. [8] designed a set of
long-wall overburden grouting visualisation experimental
simulation systems to study the flow, pressure distribution,
consolidation, and filling thickness of fly ash slurry in rock
strata, providing a theoretical basis for the design and opti-
misation of overburden grouting in underground long-wall
mining. Girskas et al. [9] studied the effective utilisation of
fly ash and demonstrated that this material can inhibit the
cement hydration process and can be used to produce
cement-based composite materials with better frost resis-
tance and durability. Gorak et al. [10] used composite light-
weight aggregates (such as fly ash) to partially replace
natural aggregates in cement composite materials. They con-
cluded that reducing the water content in the mixture while
maintaining good workability can increase the compressive
and flexural strength by up to 25% than that of standard
mortar. Hu et al. [11] proposed a new grouting material with
a high water content expansion material to consolidate and
block boreholes and studied the injectability, compression
resistance, and bondability of grouting materials. Sukmak
et al. [12] added natural rubber to cement and examined
its influence on the setting time, compressive strength, bend-
ing strength, and toughness of the consolidation. Ma et al.
[13] proposed a cement-gypsum-silicate grouting material
and determined parameters such as strength, viscosity, and
setting time for different proportions of the material using
orthogonal experiments. Kumar et al. [14] investigated the
hydration of Portland cement mixed with 20% fly ash in
the presence of 0.1% superplasticizer by measuring the vis-

cosity, setting time, compressive strength, and water perme-
ability. Wang et al. [15] proposed a grouting method to
prevent safety hazards using a new cement-based grouting
material in a thick coal seam. Celik et al. [16] studied the rhe-
ological properties of cement grout mixed with bottom ash as
a mineral additive and its influence on penetration grouting.

In the management of the goaf under traffic engineering,
there are several technical difficulties, such as the precise con-
trol of material properties, and the complex situation of resid-
ual goaf. Portland cement grout has a high setting time, and
its diffusion range is difficult to control. In addition, in the case
of large-volume filling, Portland cement is expensive [17].
Although utilising existing solid-waste filling materials can
reduce the cost of goaf filling, the compressive strength of the
solid waste after coagulation is generally low, which makes it
difficult for the solid waste to resist the subsidence deformation
of the goaf [18]. Therefore, it is essential to investigate the phys-
ical and mechanical properties and engineering applications of
a new cement-fly ash-modified sodium silicate (C-FA-MS)
material as well as conduct a cost analysis of the new material.
In this study, the optimum ratio, initial and final setting time,
unconfined uniaxial compressive strength, and microstructure
of the newmaterial were analysed through laboratory tests. The
new material was applied to the treatment project of the resid-
ual goaf, and it ensured operational safety of the overburden
expressway. Moreover, it decreased the construction cost and
provided a reference value for similar projects.

2. Materials and Methods

2.1. Raw Materials. P.O.42.5 Cement (C): P.O.42.5 grade
ordinary Portland cement produced by Linyi Zhonglian
Cement Co., Ltd. (the company is located in Chewang
Town, Linyi City, Shandong Province) met the requirements
of the current national standards General Portland Cement
(GB 175-2007) and Masonry Cement (GB/T 3183-2017).
Chemical compositions of the cement are listed in Table 1.

Fly ash (FA): commercial II grade fly ash has a fineness
of 43μm, density of approximately 2.4 g/cm3, and moisture
content of approximately 5%. The main chemical compo-
nents are listed in Table 2.

Modified sodium silicate (MS): sodium silicate was mod-
ified following previously reported methods [19–21], in the
following manner: deionised water was heated to 60–70°C,
and then, PEG and AA were added concurrently (see
Table 3 for detailed information regarding the proportions).
After the mixture was cooled to 20–25°C, sodium silicate was
added with continuous stirring. The matching ratio of the
modified sodium silicate is shown in Table 3.

2.2. Test Mix Ratio Design. The volume mix ratio of the
cement slurry-sodium silicate solution (C-S) grout is shown
in Table 4, the construction mix ratios of the cement-fly ash-
sodium silicate (C-FA-S) grout are shown in Table 5, and
cement-fly ash-modified sodium silicate (C-FA-MS) grout
is shown in Table 6. The selection of the water–solid ratio
(mass ratio of water to solid powder) was based on the
related research of domestic and foreign scholars [16, 18];
thus, the water–solid mass ratio was set to 1.0 : 1.0.
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2.3. Analysis of the Physical and Mechanical Properties of
the Slurry

2.3.1. Setting Time Analysis. Setting time is an important
property of a grouting material and considerably influences
the diffusion distance of the slurry in rock and soil mass
[22]. Different mass proportions of solid powder, pure
sodium silicate volume dosages, and modified sodium sili-
cate volume dosages were used to investigate the differences
in the setting periods of the C-S, C-FA-S, and C-FA-MS
slurries.

Determination of initial setting time: first, two empty
cups A and B were selected, and 200mL of the mixed slurry
was quickly prepared in cup A. Second, the mixed slurry was
poured into cup B and exchanged between cups A and B
until the slurry no longer flowed, and the time elapsed was
determined as the initial setting time.

Determination of the final setting time: an appropriate
amount of the mixed slurry was poured into the mould of
a Vicat apparatus. Immediately after the initial setting time,
the mould and slurry were removed from the glass plate and
cured under standard conditions (20 ± 2°C, humidity ≥ 95
%). The solidification body of the mixed slurry was mea-
sured every 10 s when the final setting time was near. When
the test needle was inserted into the solidification body by

0.5mm, we observed that the mixed slurry reached the final
setting state. The curves of the initial and final setting times
are shown in Figures 1 and 2, respectively.

As shown in Figure 1, the initial setting time of the slurry
decreased with a decrease in VS for pure sodium silicate or
in VMS for the modified sodium silicate. When both VS
and VMS were 0.2, the initial setting time of the slurry was
the shortest. The initial setting time increased with increase
in fly ash content. For example, for V ðC+FAÞ : VMS = 1:0
: 1:0, the initial setting time was 30 s for mC : mFA = 60%
: 40%, 38 s for mC : mFA = 50% : 50%, 66 s for mC : mFA =
40% : 60%, and 120 s for mC : mFA = 30% : 70%. Moreover,
when the mass ratio of the powder and the volume ratio of
the slurry were constant, the initial setting time of the C-
FA-MS slurry was lesser than those of the C-FA-S and C-S
slurries.

Figure 2 shows that the final setting time of the C-S and
C-FA-S slurries tended to shorten and then prolong with a
decrease in VS. It also increased with increase in the mass
content of fly ash. When V ðC+FAÞ : VS = 1:0 : 0:6, the final
setting time of the slurry was the shortest. However, the final
setting time of the C-FA-MS slurry increased with decrease
in the volume content of modified sodium silicate (VMS)
and increase in the mass content of fly ash. When mC
: mFA = 60% : 40% and V ðC+FAÞ : VMS = 1:0 : 1:0, the final
setting time of the C-FA-MS slurry was the shortest, that
is, 70min.

Clearly, the effect of the rapid setting between the pure
sodium silicate and the modified sodium silicate differed
according to the analysis of the final setting time. We
inferred that because of the reduced content of Na2O·nSiO2
in modified sodium silicate, the amount of its reaction with
CaO, Al2O3, and other components reduced under the same
volume dosage condition, resulting in prolonged final setting
time. In addition, the initial and final setting periods of the
mixed slurry increased with increase in the fly ash content
because the addition of fly ash reduced the content of CaO
in the solid powder.

2.4. Fluidity Analysis. A concentric circle cardboard with
increasing radius (equal increments) was placed on a hori-
zontal plane, and a glass plate wiped with a damp cloth
was placed above it. The mould was placed in the centre of
the glass plate, and the slurry was quickly injected into it.

Table 1: Chemical composition of the cement.

Name CaO SiO2 Al2O3 Fe2O3 MgO MgCl2 SO3 NaO2 K2O

Content (%) 62.07 22.64 4.50 3.10 2.68 1.81 1.75 0.80 0.65

Table 2: Chemical composition of the fly ash.

Name SiO2 Al2O3 Fe2O3 CaO K2O TiO2 MgO Other compositions

Content (%) 53.97 31.15 4.16 4.01 2.04 1.13 1.01 2.53

Note: Other compositions include Na2O, SO3, P2O5, and NiO. Sodium silicate (S): sodium silicate solution with a modulus of 2.4–3.0 and Baumedegrees ≥ 30
°Bé. Ethylene glycol (PEG, purity ≥ 99%) and adipic acid (AA) were used for laboratory analyses.

Table 3: Modified sodium silicate (MS) matching ratio (mass
proportion).

Name
Water (60–

70°C)
Sodium
silicate

Adipic
acid

Ethylene
glycol

Content
(%)

65.57 32.79 0.98 0.66

Table 4: Cement slurry-sodium silicate (C-S) volume ratio.

No.
Slurry volume ratio

Water-cement ratio VC :VS
1

1.0 : 1.0

1.0 : 1.0

2 1.0 : 0.6

3 1.0 : 0.4

4 1.0 : 0.2

Note: The water-cement ratio is the mass ratio of water to cement powder;
VC :VS is the volume ratio of pure cement grout to pure sodium silicate.
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The test mould was lifted vertically, and the stopwatch was
turned on at the same time. After 30 s, the maximum diam-
eters of two mutually perpendicular directions were taken
with a straight edge, and their average value was taken as

the fluidity of the mixed slurry. The fluidity measurements
and curves are shown in Figures 3 and 4, respectively.

Figure 4 shows that when mC : mFA = 100% : 0%, the
fluidity of the cement-sodium silicate slurry increased and
then decreased with decrease in VS (the fluidity increased
from 285 to 345mm and then decreased to 325mm). Under
all blending conditions of fly ash, the fluidities of the
cement-fly ash-sodium silicate and cement-fly ash-
modified sodium silicate slurries decreased with a decrease
in VS or VMS. When the volume ratio of the slurry was less
than 1.0 : 0.4, the fluidity of the cement-fly ash-modified
sodium silicate slurry was greater than that of the cement-
fly ash-sodium silicate and cement-sodium silicate slurries
under certain conditions. We inferred that the concentration
of Na2O·nSiO2 decreased when a large amount of water was
added to the modified sodium silicate. The fluidity of the
cement-fly ash-modified sodium silicate slurry increased
for the same matching ratio.

2.5. Strength Analysis of Reinforcement. Referring to the ISO
method for testing the strength of cement mortar (GB/T
17671-2020), the prepared mixed slurry was quickly filled
into a Φ50mm × 100mm cylindrical test mould. If neces-
sary, the vibrating rod was used to vibrate uniformly from
the outside to the inside according to the spiral direction.
Meanwhile, the scraper was inserted along the test mould
wall several times to prevent the mixed slurry from leaving
air holes after vibrating. The slurry should be 6–8mm higher
than the top surface of the mould before being scraped flat
with a scraper.

Two samples were prepared using the ratio of each test
group. Using a standard curing chamber (20 ± 2°C,
humidity ≥ 95%), the samples were first cured in a test
mould for 1 d. After being demoulded, the samples were
cured for another 6 d (total age of 7 d). Then, the samples
were removed, and the free water visible on the surface
was absorbed with a soft cloth. The uniaxial compressive
strength was measured at the maximum rated load of
100 kN and a loading speed of 1.66mm/h, as shown in
Figure 5.

The influences of different powder mass ratios, volume
ratios of pure sodium silicate VS, and volume ratios of mod-
ified sodium silicate VMS on the unconfined compressive
strength of the solidified bodies for 7 d are shown in
Figure 6.

Figure 6 shows that in the cement-sodium silicate slurry
system, with a decrease in VS, the 7 d compressive strength
of the solidified body exhibited an overall increasing trend.
When VC : VS = 1:0 : 0:2, the maximum compressive
strength reached 11.156MPa. In the cement-fly ash-
sodium silicate slurry system, the 7 d compressive strength
of the solidified body showed inconspicuous changes when
VS was large. Only when VS decreased from 0.4 to 0.2, the
compressive strength increased significantly. When mC
: mFA = 60% : 40% and V ðC+FAÞ : VS = 1:0 : 0:2, the maxi-
mum compressive strength could reach 10.369MPa. In the
cement-fly ash-modified sodium silicate slurry system, with
a decrease in VMS, the 7 d compressive strength of the solid-
ified body first increased and then decreased. For example,

Table 5: Volume ratio of cement-fly ash-sodium silicate slurry
(C-FA-S).

No.
Ratio of slurry volume

Ratio of water-cement and fly
ash

mC :mFA
(%)

V C+FAð Þ
:VS

5

1.0 : 1.0

60 : 40

1.0 : 1.0

6 1.0 : 0.6

7 1.0 : 0.4

8 1.0 : 0.2

9

50 : 50

1.0 : 1.0

10 1.0 : 0.6

11 1.0 : 0.4

12 1.0 : 0.2

13

40 : 60

1.0 : 1.0

14 1.0 : 0.6

15 1.0 : 0.4

16 1.0 : 0.2

17

30 : 70

1.0 : 1.0

18 1.0 : 0.6

19 1.0 : 0.4

20 1.0 : 0.2

Table 6: Volume ratio of cement-fly ash-MS slurry (C-FA-MS).

No.
Volume ratio of slurry

Ratio of water-cement and fly
ash

mC :mFA
(%)

V C+FAð Þ
:VMS

21

1.0 : 1.0

60 : 40

1.0 : 1.0

22 1.0 : 0.6

23 1.0 : 0.4

24 1.0 : 0.2

25

50 : 50

1.0 : 1.0

26 1.0 : 0.6

27 1.0 : 0.4

28 1.0 : 0.2

29

40 : 60

1.0 : 1.0

30 1.0 : 0.6

31 1.0 : 0.4

32 1.0 : 0.2

33

30 : 70

1.0 : 1.0

34 1.0 : 0.6

35 1.0 : 0.4

36 1.0 : 0.2

Note: The ratio of water-cement and fly ash is the mass ratio of water to the
cement and fly ash powders; mC :mFA is the mass ratio of cement to fly ash
in solid powder; V ðC+FAÞ :VS is the volume ratio of cement-fly ash slurry to
pure sodium silicate solution; V ðC+FAÞ :VMS is the volume ratio of cement-
fly ash slurry to modified sodium silicate solution.
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when mC : mFA = 60% : 40%, the compressive strength
increased from 1.855 to 2.431MPa and then decreased to
0.688MPa. In addition, in the cement-fly ash-modified
sodium silicate slurry system (such as V ðC+FAÞ : VMS = 1:0
: 0:6), as the mass proportion of fly ash increased from 40
to 50, 60, and 70%, the peak compressive strength decreased
from 2.431 to 1.798, 1.488, and 1.045MPa.

Based on the above data, we conclude that when the con-
tent of sodium silicate was relatively low, Na2O·nSiO2
quickly reacted with CaO, Al2O3, and other components in
the powder to form 3CaO·SiO2, 3CaO·Al2O3, and 4CaO·A-
l2O3·Fe2O3, which greatly improved the early compressive
strength of the solidified body. For the cement-fly ash-
modified sodium silicate slurry system, when VMS decreased
from 1.0 to 0.6, in addition to the above, calcium oxalate
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Figure 1: Curves of initial setting time. Note: mC :mFA is the mass ratio of cement to fly ash in the solid powder; V ðC+FAÞ :VS is the volume
ratio of the C-FA slurry to the pure S solution, and V ðC+FAÞ :VMS is the volume ratio of the C-FA slurry to the MS solution.
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ratio of the C-FA slurry to the pure S solution, and V ðC+FAÞ :VMS is the volume ratio of the C-FA slurry to the MS solution.

Figure 3: Determination of fluidity.
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(CaC2O4) was also generated, which enhanced the strength
of the consolidation. However, when the VMS was reduced
from 0.6 to 0.2, the content of Na2O·nSiO2, (CH2OH)2,
and C₂H₂O₄ decreased dramatically, ultimately decreasing
the early compressive strength of the consolidate.

2.6. Microstructure Analysis. The cement-sodium silicate,
cement-fly ash-sodium silicate, and cement-fly ash-
modified sodium silicate solidified bodies cured for 7 d were
dried at 20–25°C for 1 d and made into specimens with
side lengths < 8mm and thicknesses < 5mm. The micro-
structures were analysed using scanning electron micros-
copy (SEM) with an acceleration voltage of 5 kV, as shown
in Figure 7.

The microstructures of the 36 groups of samples were
observed using SEM. Images at magnifications of 500,
1000, 2000, and 4000 times for No. 3
(mC : mFA = 100% : 0% and VC : VS = 1:0 : 0:4), No. 7
(mC : mFA = 60% : 40% and V ðC+FAÞ : VS = 1:0 : 0:4), and
No. 23 (mC : mFA = 60% : 40% and V ðC+FAÞ : VMS = 1:0
: 0:4) are shown in Figures 8(a)–8(d), respectively.

When the microstructure of the specimen surface was
observed, it was found that most of the concretions in No.
3 were the products of the cement hydration reaction. The
cement-sodium silicate concretions approximated a system
with a dense structure but many cracks. Fly ash particles
were observed on the surface of the solidified bodies in No.
7, and some fly ash particles had rough surfaces and were
not completely crosslinked with the surrounding structure.
The cracks on the surface of the solidified bodies were fewer
than those in case of No. 3, the gel filling in the gaps was low,
and the structure of the cement-fly ash-sodium silicate con-
cretions was loose. Spherical fly ash particles with smooth
and rough surfaces were uniformly dispersed in the solidi-
fied bodies in No. 23, which was closely crosslinked with
the surrounding structure. In contrast with those in No. 7,
most of the gaps in No. 23 were filled with a gel, and the
overall structure of cement-fly ash-modified sodium silicate
was relatively dense. This also explained the results of the
compressive strength test from another perspective. The
structure of the cement-sodium silicate solidified body was
compact, and although it had several cracks, it would not
be completely exposed under maintenance conditions.
Hence, its compressive strength can reach 10.74MPa. The
strength of the cement-fly ash-sodium silicate solidified
body decreased sharply to 0.53MPa due to the addition of
fly ash, which destroyed the dense structure of the cement-
sodium silicate gel and reduced the relative content of CaO
and other skeleton structures. The strength of the new
cement-fly ash-modified sodium silicate solidified body
increased to 1.46MPa when pure sodium silicate was
replaced with modified sodium silicate. This was because
calcium oxalate (CaC2O4) was also generated, which
enhanced the internal crosslinking and improved the com-
pactness of the overall structure of the solidified body.

2.7. Elemental Analysis. To determine the elemental compo-
sition of the new cement-fly ash-modified sodium silicate
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Figure 4: Curve of fluidity. Note: mC :mFA is the mass ratio of cement to fly ash in the solid powder; V ðC+FAÞ :VS is the volume ratio of the
C-FA slurry to the pure S solution, and V ðC+FAÞ :VMS is the volume ratio of the C-FA slurry to the MS solution.

Figure 5: Determination of compressive strength.
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material, elemental distribution characterisation and point
element analysis of the C-FA-MS solidified bodies were con-
ducted for No. 21 to No. 36. This study considers No. 34
(mC : mFA = 30% : 70% and V ðC+FAÞ : VMS = 1:0 : 0:6) as an
example. The results are shown in Figures 9 and 10 and in
Table 7.

The solidified bodies in the selected area mainly com-
prised O, Al, and Si along with a small amount of C, Mg,
and Ca, indicating that the solidified body structure in the
selected area mainly comprised aluminium acid and silicate.
Carbon was mainly distributed around cracks, and the main
source of carbon was modified sodium silicate, indicating
that modified sodium silicate had a favourable promoting
effect on repairing cracks and reducing cracks. The point ele-
ment analysis showed that there was a large difference in the
composition distribution of the four points, indicating that
the chemical reaction processes of each section were incon-
sistent; moreover, the difference in the generated products
was also considerable, which may also be the main reason
for the decrease of 0.42MPa in the compressive strength
than that of No. 23.

2.8. Cost Analysis. Cost analysis is an important part of pro-
ject cost management. In particular, the volume of various
materials consumed in the goaf filling treatment was large.

Therefore, greatly reducing the unit price of materials while
ensuring their desirable properties has become a decisive
factor in the selection of goaf treatment technologies.

Based on the grout mix ratio obtained from laboratory
tests, the initial setting time of grout required for goaf engi-
neering should be in the range of 15–80 s, final setting time
should be in the range of 3–240min, and compressive
strength should not be less than 0.8MPa after 7 days. Deter-
mining the best mix, Nos. 4 (mC : mFA = 100% : 0% and
VC : VS = 1:0 : 0:2), 20 (mC : mFA = 30% : 70% and
V ðC+FAÞ : VS = 1:0 : 0:2), 31 (mC : mFA = 40% : 60% and
V ðC+FAÞ : VMS = 1:0 : 0:4), and 34 (mC : mFA = 30% : 70%
and V ðC+FAÞ : VMS = 1:0 : 0:6) were selected to analyse their
cost based on a unit grouting volume. The results are pre-
sented in Table 8.

Table 8 shows that compared with the cement-sodium
silicate slurry (No. 4), the cement-fly ash-modified sodium
silicate slurry (No. 31) can provide cost savings of 44.7%
(ð496:40 − 274:48Þ/496:40). Compared to that of the
cement-fly ash-sodium silicate slurry (No. 20), the cost of
No. 31 can be reduced by 31.3% (ð399:30 − 274:48Þ/399:30).
The new groutingmaterial of cement-fly ash-modified sodium
silicate (C-FA-MS) can significantly reduce the engineering
cost and improve the utilisation rate of solid waste, and each
performance meets the needs of grouting engineering, which
can be popularised in practical engineering.

For an optimal cost ratio, No. 31 was selected, wherein
mC : mFA = 40 : 60% and V ðC+FAÞ : VMS = 1:0 : 0:4. For a
comparative analysis with the C-FA-S slurry, No. 37 was
selected, wherein mC : mFA = 25 : 75%, mS = 1:5% × ðmC +
mFAÞ, and the water − cement and fly ash ratio = 1:0 : 1:0
[23]. For the slurry, No. 38 was selected, wherein mC : mFA
= 10 : 90%, mS = 15% × ðmC +mFAÞ, and the water −
cement and fly ash ratio = 1:0 : 1:0 [24]. The results are pre-
sented in Table 9.
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Figure 6: Compressive strength curve. Note: mC : mFA is the mass ratio of cement to fly ash in solid powder; V ðC+FAÞ : VS is the volume
ratio of cement-fly ash slurry to pure sodium silicate solution; VðC+FAÞ : VMS is the volume ratio of cement-fly ash slurry to modified
sodium silicate solution.

Figure 7: The picture of SEM.
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Table 9 shows that compared to the foreign C-FA-S slur-
ries (Nos. 37 and 38), the C-FA-MS slurry (No. 31) is the
better choice. Although the cost of this material is slightly
higher, the initial setting time is lower, and it can meet the
time requirements of the project.

3. Field Tests

3.1. Engineering Overview. In recent years, Shandong Prov-
ince has planned to form an expressway network of “five
vertical, four horizontal, one ring, and eight links.” The
highway from Lan Shan to He ze is an important link in
the expressway network. The expressway is approximately
400 km long, passing through 21 counties and cities, such
as Ri zhao and Lin yi. However, it passes the goaf left over
when passing through the Wu Sizhuang coal mine in Lin
yi. The exploitation depth of the Wu Sizhuang coal mine is
20–100m. Affected by faults and geological conditions, there
is an extremely uneven distribution of coal seam thickness in
this area. The remaining goaf of the Wu Sizhuang coal mine
was initiated in 1995 and was distributed in a north–south

direction. The maximum subsidence depth was 3–4m, and
it was still active, especially in the section of K92+050–
K93+150. The surface deformation is evident, and large sub-
sidence pits and cracking of houses are visible (Figure 11).

Due to the complexity of hydrogeology in this area
and ambiguity of the remaining roadways in the mining
area, the goaf treatment faces the following technical
problems:

No. 3 No. 23No. 7

(a)

No. 3 No. 23No. 7

(b)

No. 3 No. 23No. 7

(c)

No. 3 No. 23No. 7

(d)

Figure 8: SEM images: (a) 500, (b) 1000, (c) 2000, and (d) 4000 times.

2
4

1
3

10 𝜇m

Figure 9: Element analysis point diagram.
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(1) The amount of grouting is difficult to control. Owing
to the large depth, wide range, and strong connectiv-
ity of the goaf roadway, the slurry is easily lost in
large quantities, and the goaf cannot be effectively
filled

(2) High Requirements for Antidispersity of the Slurry.
The mined-out area is always waterlogged and con-
tains impurities, which affect the gel solidification
of the slurry.

(3) Difficulty in Evaluating the Effects. The distribution
of the coal seam in the mining area is uneven; the
drilling construction and coring detection are
difficult.

In view of the characteristics and needs of this project, to
solve the key technical problems in the treatment of the left
goaf, a new cement-fly ash-modified sodium silicate (C-FA-
MS) was applied for field filling grouting tests.

3.2. Grouting Reinforcement Scheme

3.2.1. Grouting Materials and Ratio. P.O.42.5-grade ordinary
Portland cement produced by Linyi Zhonglian Cement Co.,
Ltd. (the company is located in Chewang Town, Linyi City,
Shandong Province) was selected, and its performance met
the requirements of General Portland Cement (GB 175-
2007). The fineness of fly ash was 43μm, and its density
was approximately 2.4 g/cm3. The modulus of sodium sili-

cate was 2.4–3.0, Baume degree was ≥30°Bé, and purity of
ethylene glycol was ≥99%.

Based on the results of laboratory tests and considering
the requirements of large-volume treatment costs corre-
sponding to the goaf, the material ratio of No. 31
(water – solid ratio = 1:0 : 1:0, mC : mFA = 40% : 60%, and
V ðC+FAÞ : VMS = 1:0 : 0:4) was selected.

3.2.2. Determination of Process Parameters

(1) Grouting Pressure. The grouting pressure was related
to the stratigraphic configuration, buried depth of
the mined-out area, and slurry fluidity [25]. Through
field tests, the grouting pressure of this project was
determined to be approximately 1.0–1.2MPa. A for-
ward grouting method was adopted under the speci-
fied grouting pressure.

(2) The Slurry Diffusion Radius and Hole Spacing. In the
side wall of the grouting pipe, holes were made in the
shape of a plum blossom, through which the grout
was injected into the soil and diffused in a columnar
form. The grouting hole spacing should make the
grouting diffusion range of adjacent holes partially
coincide to permit the reinforced rock and soil mass
to form a complete stress system [26]. According to
the cylindrical diffusion theory, the formula for cal-
culating the slurry diffusion radius and hole spacing
is as follows:

r1 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2kh1t
βn ln r1/r0ð Þ

s

, ð1Þ

y = 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r21 −
b2

4

r

, ð2Þ

0 5 0 5 0 3

0 3 0

Si KAl K Ca K

O KC K Mg K

5 0 2

10 𝜇m 10 𝜇m 10 𝜇m

10 𝜇m10 𝜇m10 𝜇m

Figure 10: Distribution of element analysis.

Table 7: Analysis atomic percentage of elements at different points.

Point C O Mg Al Si Ca Na Fe

1 1.60 67.11 0.33 14.61 15.65 0.34 0.14

2 3.21 58.33 0.52 16.43 18.04 1.27 0.53 1.26

3 2.25 31.23 5.05 7.43 54.04

4 5.79 32.81 28.54 26.00 6.86
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Table 8: Cost analysis table.

No. Grouting amount/m3
Raw material type and component unit price

Cost
Cement Fly ash Sodium silicate Ethylene glycol Adipic acid

400.0 RMB/t 180.0 RMB/t 1200.0 RMB/t 4.5 RMB/kg 6.0 RMB/kg RMB

4 1 232.40 264.00 496.40

20 1 66.00 69.30 264.00 399.30

31 1 75.60 50.94 120.00 9.40 18.54 274.48

34 1 50.00 52.38 160.80 12.15 24.00 299.33

Note: Pure cement slurry density ρC = 1:40 g/cm3; cement-fly ash slurry density ρðC+FAÞ = 1:33 g/cm3. Pure sodium silicate density ρS = 1:29 g/cm3; modified
sodium silicate density ρMS = 1:09 g/cm3.

Table 9: Cost analysis.

No. Grouting amount/m3
Raw material type and component unit price

Cost Initial setting time
Cement Fly ash Sodium silicate Ethylene glycol Adipic acid

400.0 RMB/t 180.0 RMB/t 1200.0 RMB/t 4.5 RMB/kg 6.0 RMB/kg RMB min

31 1 75.60 50.94 120.00 9.40 18.54 274.48 0.5

37 1 66 89.1 12 - - 167.1 155

38 1 24.8 100.44 111.6 - - 236.89 50

K93+000 sinkholes K93+050 sinkholes K93+100 housing cracks

Figure 11: Ground collapse caused by goaf.

L2 hole, K99+775 L8 hole, K99+835 W1-11 hole, K99+940

Figure 12: Field grouting.

23 m27 m Intact rockBroken rock in goaf

Figure 13: H-3 core before grouting treatment.
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where k is the permeability coefficient
(6:2 × 10−2 – 1:8 × 10–1 cm/s), h1 is the grouting pressure
head (m), t is the grouting time (s), and β is the ratio of
slurry viscosity to water viscosity (dimensionless, 0.48–
0.64). Further, n is the porosity (0.4–0.5), r1 is the slurry dif-
fusion radius (cm), r0 is the radius of the grouting pipe (7.5
cm), y is the hole spacing (cm), and b is the thickness of the
intersecting circle of the slurry diffusion range in the adja-
cent holes (m) and b = r1.

According to Equations (1) and (2), k = 1:21 × 10−1 cm/s,
h1 = 110m, t = 2 h = 7200 s, β = 0:56, n = 0:45, and r0 = 7:5
cm. The calculated slurry diffusion radius r1 = 3:50m and
hole spacing y = 6:00m (taking the median value of each
parameter).

(3) Grouting Volume. The grouting volume should be
calculated considering the filling volume, filling
degree, and slurry loss in the mining subsidence area.
The calculation formula for the single hole grouting
volume is as follows:

Q = πr21L ⋅ n ⋅ λ, ð3Þ

where Q is the single-hole grouting volume (m3), L is the
length of the grouting section and is designed to be 6m in
this project, n is the porosity (0.4–0.5), and λ is the slurry
loss coefficient (1.1–1.2) [7, 25].

According to Equation (3), the single hole grouting vol-
ume is 119.43m3 (taking the median value of each parame-

ter), and it should be dynamically adjusted according to the
field grouting situation.

(4) Ending Grouting Conditions. The end conditions of
each treatment section should be comprehensively
determined according to grouting volume, grouting
pressure, and injection rate.

(1) Under the maximum grouting pressure, after the
injection rate was <2L/min, the grouting was
screened for 20min, and the average injection
rate during the grouting period was no more
than 2L/min

(2) The unit grouting volume reaches the maximum
value specified in the design

3.3. Grouting Process. In this project, first, a geological dril-
ling machine was used to drill holes, and then, the grouting
pipe was vertically imported into the borehole and sealed at
the orifice. Grouting was conducted based on the order of
the first edge and then the centre. When the slurry burst
occurred near the grouting hole, grouting was stopped, and
plugging was performed immediately. After grouting, the
grouting hole was sealed with concrete mortar after slurry
solidification. The grouting site is illustrated in Figure 12.

3.4. Evaluation of Grouting Effect. Before the treatment of
the underlying goaf, drilling coring was conducted. The rock
mass in the goaf was broken, and the distribution of hidden
holes was concentrated. For example, in the H-3 hole
(Figure 13), drilling to a depth of 23m was normal. The drill
dropped 40 cm at a depth of 23m. The slurry leakage at a
depth of 24–25m indicated that the strata were broken and
were determined as the roof position of the goaf. The mud
wall protection method was then used to continue drilling
to a depth of 27m, and it was found that the strata gradually
became complete, and the colour gradually became shallow,
indicating that this location was the floor of the goaf.

Check hole collapse

(a) Check hole collapse

W 1-10 core after grouting

(b) W1-10 core after grouting

New material solidified body

(c) New material solidified body

Figure 14: Drilling detection of grouting effect.

Field testFET instrument

Figure 15: FET audiofrequency magnetotelluric instrument and
field test.
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The grouting effect was detected through drilling holes
21 d after the grouting treatment. A total of 78 inspection
holes (total footage 3156m) were constructed, of which, 1
inspection hole occurred surface subsidence with an area of
2:5 × 2:5m at a depth of approximately 2m (in
Figure 14(a)). The remaining 77 inspection holes passed
through the collapse reinforcement area (depth = 35 – 45m
and height = 1 – 4m), but the drill drop was significantly
reduced, and the borehole wall was stable, indicating that
most of the goaf collapse areas had been filled and rein-
forced. After grouting, drilling for cores and new material
solidified bodies (i.e., drilling detection of the grouting
effect) was performed, as shown in Figures 14(b) and 14(c).

Furthermore, the FET audiofrequency magnetotelluric
instrument (Figure 15) was used to detect the filling degree
of the target area. Three lines were arranged in the detection
area. According to the principle that electromagnetic waves
with different frequencies have different yield depths in a
conductive medium [27], 17 groups of resistivity were
recorded in each line. In the audiofrequency magnetotelluric
method, the apparent resistivity can be used to infer geolog-
ical conditions of the target area. It is calculated using the
Cagniard formula [28] with parameters such as the emission
frequency, potential difference between receiving electrodes,
and horizontal magnetic field component. Therefore, the
potential difference between receiving electrodes was directly
used in this study to infer the regional geological conditions
of the target area. The change in potential difference before
and after treatment of the target area is shown in Table 10.

The electrical properties were relatively uniform when
the ground layer was relatively intact, and the potential dif-
ference changed negligibly. When the mined-out area was
filled with water, its potential difference was considerably
lower than that of the surrounding rock. Table 10 shows that
the maximum and minimum potential difference before the
reinforcement was 20.023 and 0.094, respectively. After rein-
forcement, the maximum and minimum potential difference
was 20.399 and 2.0, respectively. After goaf treatment, the
potential difference of each measuring line increased by
more than 2.52 times, indicating that the overall strength
of the target area after reinforcement improved, and the
regional integrity and uniformity significantly improved.

4. Conclusions

In this study, a new cement-fly ash-modified sodium silicate
(C-FA-MS) material was studied through laboratory tests
and field tests. It was concluded that the new material had
evident advantages over the traditional grouting material in

terms of setting time control, reinforced strength improve-
ment, and treatment cost control. The detailed findings are
as follows.

(1) The initial setting time of the slurry decreased with a
decrease in the volume ratio of pure sodium silicate
(VS) or modified sodium silicate (VMS). When VS
and VMS were both 0.2, the initial setting time of
the slurry was the shortest (cement-fly ash-
modified sodium silicate slurry was 7 s). Under spe-
cific ratio conditions, the initial setting time of the
cement-fly ash-modified sodium silicate slurry was
shorter than that of the cement-sodium silicate and
cement-fly ash-sodium silicate slurries. The final set-
ting time of the cement-sodium silicate and cement-
fly ash-sodium silicate slurries decreased first and
then increased with decrease in VS, while that of
the cement-fly ash-modified sodium silicate slurry
increased with decrease in VMS. The mass content
of fly ash in the powder was positively correlated
with the initial and final setting periods of the slurry

(2) The fluidity of the cement-sodium silicate slurry first
increased and then decreased with decrease in VS.
Under different fly ash content ratios, the fluidities
of the cement-fly ash-sodium silicate and cement-
fly ash-modified sodium silicate slurries decreased
with decrease in VS or VMS. Under certain condi-
tions, the fluidity of the cement-fly ash-modified
sodium silicate slurry was greater than that of the
cement-fly ash-sodium silicate and cement-sodium
silicate slurries

(3) With a decrease in VS, the overall compressive
strength of the cement-sodium silicate solidified
body increased up to 11.156MPa. When VS
decreased from 0.4 to 0.2, the compressive strength
of the cement-fly ash-sodium silicate slurry
increased significantly, up to 10.369MPa. With the
decrease in VMS, the compressive strength of the
cement-fly ash-modified sodium silicate solidified
body first increased and then decreased (when mC
: mFA = 60% : 40%, the compressive strength
increased from 1.855 to 2.431MPa and then
decreased to 0.688MPa). There was a negative corre-
lation between the fly ash weight and solidified body
strength

(4) The microstructure of the cement-sodium silicate
concretions was compact but had several cracks.
The fly ash in the cement-fly ash-sodium silicate

Table 10: Changes in potential difference before and after goaf reinforcement.

Measuring line code
Before reinforcement After reinforcement

Increase multiples
Max. value MIN value Average value Max. value MIN value Average value

A 20.032 0.451 1.706 15.318 2.5 4.59 2.69

B 16.37 0.094 1.517 13.006 2.0 3.82 2.52

C 5.62 0.212 3.942 20.399 5.57 15.65 3.97

Note: The average value of each measuring line was calculated from 17 sets of data.
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solidified body destroyed the compact structure of
the cement-sodium silicate concretions and reduced
the relative contents of CaO and other skeletal struc-
tures. Calcium oxalate CaC2O4 was generated in the
cement-fly ash-modified sodium silicate solidified
body, which enhanced the internal crosslinking of
the gel and improved the strength of the solidified
body

(5) Under the condition of unit grouting amount, the
cost of the cement-fly ash-modified sodium silicate
slurry was approximately 44.7% lower than that of
the cement-sodium silicate slurry and approximately
31.3% lower than that of the cement-fly ash-sodium
silicate slurry. After the treatment of the underlying
mined-out area, the borehole coring test showed that
most of the mined-out subsidence areas had been
filled and strengthened. The FET magnetotelluric
exploration showed that the increase in the potential
difference of each line was more than 2.52 times,
indicating that the regional integrity and uniformity
had been significantly improved
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