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Abstract: Clay cement grout is frequently employed in geotechnical reinforcement projects. However,
laboratory test revealed that clay cement slurry does not consolidate in a closed environment for
an extended period of time, with cracks forming during the consolidation process under natural
conditions, indicating that the geotechnical reinforcement poses dangers. Stone powder is a powdery
solid waste similar to clay materials. Stone powder particle surfaces provide an attachment point for
cement reaction, which can speed up cement hydration, with the ability to substitute clay cement
slurry. According to our findings, the bleeding rate of clay cement slurry is 14.80% at 290 mm fluidity,
and that of the same mass ratio (1:3) as stone powder cement slurry is 11.09%. The bleeding rate is
minimal, which promotes the creation of an integral structure after setting between the slurry and
lose rock and soil. Mechanical test results show that the strength of the stone powder cement slurry
hardened body is 1458 kPa, whereas the strength of the clay cement slurry hardened body is 436 kPa.
Microstructural analysis shows that the stone powder cement hardened body has more hydration
products and is porous than the clay cement hardened body. The hardened body of stone powder
cement slurry has high strength and resistance to external loads, which can increase the bearing
capacity and improve the geotechnical reinforcement effect.

Keywords: high fluidity; solid waste; stone powder; slurry material; bleeding rate; compressive
strength

1. Introduction

Clay cement grout is frequently employed in geotechnical engineering reinforcing
projects. Indoor testing of samples revealed that clay cement slurry does not solidify in a
confined environment for a long period, accompanied by severe bleeding. We also found
that slurry does not solidify after drilling and sampling of the grouting geotechnical en-
gineering, in line with the test phenomenon. Cracks form during the grout consolidation
process in its natural state, and there are risks associated with geotechnical engineering
consolidation. Whether in a closed or natural environment, grout is subject to limitations,
such as low bleeding rate, long-term non-condensation, poor mechanical performance,
etc. [1–4], making it difficult to consolidate into a hardened body that is resistant to ex-
ternal loads. Furthermore, it is unable to properly strengthen geotechnical engineering.
To address these issues associated with clay slurry, a geotechnical engineering grouting
material with high fluidity, low bleeding rate, and outstanding mechanical qualities must
be developed. Stone powder is a type of powdery solid waste similar to a clay material.
The surface of stone powder particles serves as an attachment point for cement reaction,
which can speed up cement hydration and perhaps replace clay cement slurry. Mechanized
aggregate processing, crushing, grinding, transportation, and other procedures generate a
considerable volume of solid stone powder waste. The reuse of stone powder can not only
protect the environment but also provide economic benefits, which is in line with green
development objectives [5–10]. Stone powder is a powdery solid waste that resembles clay,
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and cement particles are smaller than stone powder particles. The stone powder particles
are encased in an aqueous solution, which serves as an attachment point for the cement
hydration reaction and accelerates cement hydration. As a result, clay has the potential to be
substituted for slurry. Slurry diffuses into the soft geotechnical reinforcement crack depth,
covering a wide range in the geotechnical reinforcement complex and crisscrossing pore
channels, requiring a high fluidity of the slurry. The slurry hardened body must exhibit
high strength to support the foundation and improve the bearing capacity of the base.

Vardhan et al. [11–13] investigated stone powder as an additive in cement, mortar,
concrete, and other slurries. When 10% cement was substituted with stone powder, the
compressive strength of the hardened body increased to its maximum. When the content
exceeds 10%, the hardened body gradually decreases. Chen X et al. [14,15] investigated the
addition of stone powder to cement slurry as a type of composite additive. They discovered
that when 5–10% stone powder was substituted in cement, the fluidity and compressive
properties of the material improved. However, when more than 10% of cement is replaced
by stone powder, the material’s fluidity and compressive qualities steadily deteriorate.

With respect to the influence of the content of stone powder on the strength, im-
permeability, and durability of concrete, when the content of stone powder is less than
7%, the strength and durability of concrete increase, and when the content is more than
7%, the mechanical properties and durability of concrete decrease. Bayesteh et al. [16,17]
discovered that the cement ratio also has a significant influence on strength, reporting a
rapid reduction in compressive strength of cement slurry hardened body with increased
cement ratio. Furthermore, the surface of stone powder particles has low activity, which
can be hydrated with cement to form single-carbon calcium aluminate and semi-carbon
calcium aluminate [18–21], as well as crystal nuclei, expediting the early cement reaction
and improving early strength properties [22,23].

In this study, the performance of stone powder cement grout and clay cement grout
will be compared in a bleeding rate test, uniaxial compression test, and microstructure test.
According to the tests results, stone powder cement grout is a geotechnical reinforcement
material with a low bleeding rate, high compressive strength, and thick microstructure that
has the potential to replace clay cement grout. In terms of environmental protection, the
appropriate use of stone powder cement slurry is critical for conserving land resources,
improving the ecological environment, and rationally utilizing solid waste. From an
engineering standpoint, the stone powder cement slurry hardened body has high strength
and strong resistance to the external load, which can increase the bearing capacity of the
geotechnical reinforcement and provide an excellent geotechnical reinforcement effect.

2. Materials and Methods
2.1. Materials

Cement: ordinary Portland cement, the central composition and clinker of which are
shown in Tables 1 and 2, respectively.

Table 1. Main chemical components of cement (%).

Component SiO2 Al2O3 CaO Fe2O3 MgO Other

Percentage (%) 20.61 3.98 65.70 2.62 1.56 5.53

Table 2. Main components of cement clinker (%).

Component C3S C2S C3A C4AF

Percentage (%) 54.6 20.5 7.8 17.1

The stone powder studied in this paper is limestone powder, which is a kind of
powdery solid waste produced in the process of machine-made aggregate processing. It
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is gray–white, and the main component is calcium oxide. The detailed composition and
physical parameters of stone powder are shown in Tables 3 and 4, respectively.

Table 3. Main chemical components of stone powder (%).

Component CaO SiO2 Al2O3 MgO Other

Percentage (%) 43.00 15.72 3.14 1.18 36.96

Table 4. Physical parameters of stone powder.

Physical
Parameter

Water
Content/% MB Value Apparent

Density/kg·m−3
Loose Bulk

Density/kg·m−3

Compacted
Bulk

Density/kg·m−3

Water Demand
Ratio/%

Numerical
value 0.24 0.5 2623 924.3 1280.6 94.64

The clay used in this study is a yellow, powdery granule mainly composed of silicon
oxide. The detailed composition and physical properties of the clay are shown in Tables 5
and 6, respectively.

Table 5. Chemical composition of clay (%).

Component SiO2 Al2O3 MgO CaO Other

Percentage (%) 72.75 15.26 0.98 0.35 10.31

Table 6. Physical parameters of stone powder.

Physical
Parameter

Water
Content/%

Natural
Density/g·cm−3

Relative
Density of

Particle/g·cm−3
Plastic Limit/% Liquid

Limit/%
Force of

Cohesion/kPa

Numerical
value 18.3 1.64 2.34 64.8 21.4 127

The particle size distribution of the three materials is normal; the clay particle size
is mainly distributed in the range of 5–50 µm, and the cement particle size is mainly
distributed in the range of 30–100 µm and configured into a clay cement slurry, as shown in
Figure 1. The clay particles enclose the cement particles, hindering the hydration reaction
of cement to a certain extent. The particle size of stone powder is mainly distributed in
the range of 100–150 µm and configured into stone powder cement slurry. The cement
particles are attached to the surface of stone powder particles, and the cement reaction
contact surface is increased, which can accelerate the cement hydration reaction and has
the potential to replace clay for slurry.

The ratio of clay cement grouting material is cement: clay = 1:3, and the fluidity
is 289 mm. A stone powder cement slurry was prepared with a similar fluidity. The
proportion of materials in the slurry is cement: stone powder = 1:3, and the fluidity is
296 mm. Clay cement grouting material and stone powder cement grouting material were
prepared according to this proportion listed in Table 7.
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Figure 1. Distribution curves of stone powder, cement, and clay particles. 
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Table 7. Slurry material mix ratio.

Slurry Material Stone Powder/g Clay/g Cement/g Water/g Bulk
Density/g·cm−3

Clay cement slurry — 720 240 736 1.275
Stone powder
cement slurry 720 — 240 842 1.468

2.2. Methods
2.2.1. Fluidity Test Method

We applied the fluidity test method described in [24]. A glass plate was placed in a
horizontal position. The glass plate and a cement flowing mold of cement net slurry were
wiped with a wet cloth, and the flowing mold of cement net slurry was placed in the center
of the glass plate. The upper diameter of the cement slurry flow mold was 36 mm, the
lower diameter was 60 mm, and the height was 60 mm, with a smooth inner wall. The
mixed slurry was poured into the cement slurry flow mold so that the slurry was level with
the surface of the mold. Then, the cone mold was lifted, and the maximum diameter of the
slurry flowing freely on the glass plate plane was determined. The above test steps were
repeated, and the fluidity values were averaged.

2.2.2. Bleeding Rate Test Method

We applied the bleeding rate test method described in [25]. A volume of 100 mL clay
cement slurry or stone powder cement slurry was added to a measuring cylinder with the
lid sealed tightly to prevent water evaporation. The bleeding of the slurry in the measuring
cylinder was continuously observed. The final bleeding volume of the slurry was recorded
after the level of the slurry had not changed for 5 h. The final bleeding rate of the slurry
was calculated according to the average value of bleeding volume.

2.2.3. Uniaxial Compression Test Method

We applied the test method described in [26] according to the “Standard for Testing
Methods for Basic Properties of building mortar”. Standard 70.7 mm × 70.7 mm × 70.7 mm
cubic test blocks were prepared and cured under standard conditions for 7 days, 14 days,
28 days, 56 days, and 112 days, with 3 samples for each duration; the test blocks were
labeled accordingly. After curing for the specified durations, a universal press was used
for the uniaxial compression test. The pressure speed was set to 0.2 kN/min an adjusted
according to the coefficient to calculate the final corresponding compressive strength value,
as shown in Figure 2.
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does not play a hardening or induce a consolidation effect, as shown in Figure 4. 

  

Figure 2. Standard stone powder hardened body specimens and compressive strength test.

2.2.4. Scanning Electron Microscopy (SEM) Test Method

We applied the method described in [24]. After testing the mechanical properties,
sample pieces were selected and processed into 3 mm × 3 mm × 3 mm cubes. Before
the microscopic test, the samples were sprayed with gold, and the cement hydration
products and the microscopic pores of the hardened body were observed by scanning
electron microscopy. The hydration products of the slurry were observed under an electron
microscope at different magnifications. A photo of the test setup is shown in Figure 3.
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3. Results
3.1. Analysis of the Setting Process of Clay Cement Slurry

When clay cement slurry is injected into a ground rock mass, it forms a strong overall
structure with the rock mass by solidification. Because clay particles are smaller than
cement particles, the cement particles are wrapped in the slurry to prevent the cement
hydration reaction, preventing the immediate solidification of the clay slurry. Because the
bleeding rate is high and the water on the surface of the slurry is difficult to volatilize, the
slurry does not immediately solidify in the ground. Therefore, the incorporation of cement
does not play a hardening or induce a consolidation effect, as shown in Figure 4.
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Figure 4. Clay cement slurry does not solidify after standing for half a year.

When curing clay cement slurry in a ventilated environment, initial cracks appear
during the slurry consolidation process, resulting in a decrease in compressive strength of
the hardened body. The consolidation process of slurry can be divided into three stages:
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normal shrinkage, residual shrinkage, and micro expansion, as shown in Figure 5. Analysis
of the consolidation process of slurry showed that with the evaporation of free water of
slurry, the slurry changed from a saturated state to an unsaturated state, and matric suction
was be generated during the clay drying process [27], which increased with decreasing
water content. When the adhesion and matric suction between clay particles are equal,
the slurry is in equilibrium. When the adhesive force between clay particles is greater
than matric suction, cracks do not occur, as shown in the model diagram in Figure 6c.
When the adhesion force between clay particles is greater than matric suction, the distance
between particles is reduced, resulting in surface shrinkage and gradual extension inward,
accompanied by local cracks, as shown in Figure 6d.
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The evaporation of water molecules causes the shrink film between clay particles
to become thinner. The distance between the clay particles is narrowed, the position of
the clay particles is rearranged, and dry shrinkage cracking occurs. Disappearance of
water in the soil provides space for the occurrence of cracks in the soil. Analysis of the
consolidation process of clay cement slurry, shows that fracturing is the main factor that
causes the strength failure of the clay slurry hardened body.

Regardless of whether the clay cement slurry is in a closed environment or in a
natural state, it is subject to the limitations of low stone rate, poor bond strength, long-term
non-condensation, poor mechanical performance, etc. It is difficult to form a hardened
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body with the ability to resist external loads, so clay cement slurry cannot play a role in
strengthening the geotechnical reinforcement.

3.2. Analysis of Slurry Bleeding Rate under High-Fluidity Conditions

In the process of geotechnical reinforcement grouting, in order to ensure that the grout
can spread widely, as well as the deep diffusion in the fissures and pores of rock and soil
mass, it is necessary to prepare stone powder cement grout with high mobility. A fluidity
test of stone powder cement slurry was carried out based on clay cement slurry. The fluidity
of stone powder slurry is 296 mm, and that of clay slurry is 289 mm. The fluidity of the
two materials is similar, ensuring the width and depth of slurry diffusion. The test setup is
shown in Figure 7.
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Figure 7. Slurry fluidity test.

Grouting materials with high flow conditions cause the bleeding of the grout, leading
to a decrease in the grout stone rate and affecting the consolidation of the grout and the
rock and soil around the cracks, making it difficult to form an overall structure. Therefore,
we conducted a bleeding rate test. After the water bleeding test of clay cement slurry
and stone powder cement slurry, the final water bleeding rate of clay cement slurry was
16.4 mL, and that of stone powder cement slurry was 12.6 mL. According to the calculation,
the bleeding rate of clay cement slurry is 14.80%, and that of stone powder cement slurry is
11.09%, indicating that the stone powder cement slurry with a low bleeding rate has good
fluidity, diffuses into the depth of fractures, and forms a relatively complete structure with
the rock and soil mass of the foundation fracture.

Analysis of the bleeding test results shows that the slurry can be divided into two
stages: gravity sedimentation and hydration reaction. The bleeding rate of clay cement
within 4 h was 12.96%, and that of stone powder cement slurry was 9.83%, representing
the first stage of the bleeding process of slurry, mainly due to the gravity effect of clay and
stone powder particles. The bleeding rate of clay cement slurry was 1.84% after 4–5 h, and
the bleeding rate of stone powder cement slurry was 1.26% after 4–5 h, representing the
second stage of bleeding of slurry, mainly due to the cement hydration reaction. The curves
and test photos of the two slurry bleeding processes are shown in Figure 8.

Clay particles and cement particles form a scaffolding structure in the slurry, poly-
merizing into a clay cement ball structure, narrowing the pores between clay particles,
and causing clay particles to sink. However, the surface of the stone powder particles
participate in the hydration reaction of cement. The hydration products condense the stone
powder particles into larger blocks, causing the particles to sink, resulting in bleeding.

The bleeding rate of stone powder cement grout Is lower than that of clay cement
grout, making it more conducive to ensuring the width and depth of grout diffusion so that
the grout fills in the cracks of rock soil mass, forming a whole with the pores and cracks
of bedrock soil mass after consolidation so as to ensure the integrity and stability of the
geotechnical reinforcement structure.



Buildings 2022, 12, 1887 8 of 17Buildings 2022, 12, x FOR PEER REVIEW 8 of 17 
 

50 100 150 200 250 300
0

2

4

6

8

10

12

14

16

B
le

ed
in

g
 r

at
e/

%

Time/min

 Clay-cement slurry 

 Stone powder-cement slurry 

 

Figure 8. Bleeding rate test of clay cement and stone powder cement slurry. 

Clay particles and cement particles form a scaffolding structure in the slurry, 

polymerizing into a clay cement ball structure, narrowing the pores between clay 

particles, and causing clay particles to sink. However, the surface of the stone powder 

particles participate in the hydration reaction of cement. The hydration products condense 

the stone powder particles into larger blocks, causing the particles to sink, resulting in 

bleeding. 

The bleeding rate of stone powder cement grout Is lower than that of clay cement 

grout, making it more conducive to ensuring the width and depth of grout diffusion so 

that the grout fills in the cracks of rock soil mass, forming a whole with the pores and 

cracks of bedrock soil mass after consolidation so as to ensure the integrity and stability 

of the geotechnical reinforcement structure. 

3.3. Comparison and Analysis of Uniaxial Compression Test Results of Stone Powder and Clay 

Slurry Hardened Body 

A comparison of the strength of stone powder cement slurry hardened body and clay 

cement slurry hardened body at different ages shows that the strength of stone powder 

cement slurry hardened body is higher than that of clay cement slurry hardened body at 

each stage, indicating that the stone powder cement slurry has high strength, strong 

resistance to the external load, and a better grouting reinforcement effect than the clay 

cement slurry hardened body. The strength and strength ratio of stone powder cement 

slurry hardened body and clay cement slurry hardened body are shown in Table 8; the 

data in the table represent the average compressive strength. 

Table 8. Strength values and strength ratios of stone powder cement and clay cement hardened 

bodies. 

Strength 
Age 

7/d 14/d 28/d 56/d 112/d 

Strength of stone powder cement 

/kPa 
357 845 1352 1423 1458 

Strength of clay cement/kPa 124 385 436 273 46 

Strength of stone powder/Clay  2.8 2.1 3.1 5.2 31.6 

The strength of stone powder cement stone is greater than that of clay cement stone 

across all curing durations, as shown in Figures 9 and 10. The strength of stone powder 

cement slurry hardened body gradually increases with age, with the rate of increase 

gradually slowing down with age. However, the strength of the clay cement slurry 

hardened body first increases first and then decreases with time. After 28 days of curing, 

the maximum strength of clay cement slurry stone is 436 kPa, whereas that of stone 

powder cement slurry stone is 1352 kPa. The strength of stone powder cement slurry stone 

is 3.1 times that of clay cement slurry stone. After 112 days of curing, the maximum 
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3.3. Comparison and Analysis of Uniaxial Compression Test Results of Stone Powder and Clay
Slurry Hardened Body

A comparison of the strength of stone powder cement slurry hardened body and clay
cement slurry hardened body at different ages shows that the strength of stone powder
cement slurry hardened body is higher than that of clay cement slurry hardened body
at each stage, indicating that the stone powder cement slurry has high strength, strong
resistance to the external load, and a better grouting reinforcement effect than the clay
cement slurry hardened body. The strength and strength ratio of stone powder cement
slurry hardened body and clay cement slurry hardened body are shown in Table 8; the data
in the table represent the average compressive strength.

Table 8. Strength values and strength ratios of stone powder cement and clay cement
hardened bodies.

Strength
Age

7/d 14/d 28/d 56/d 112/d

Strength of stone powder cement
/kPa 357 845 1352 1423 1458

Strength of clay cement/kPa 124 385 436 273 46
Strength of stone powder/Clay 2.8 2.1 3.1 5.2 31.6

The strength of stone powder cement stone is greater than that of clay cement stone
across all curing durations, as shown in Figures 9 and 10. The strength of stone powder ce-
ment slurry hardened body gradually increases with age, with the rate of increase gradually
slowing down with age. However, the strength of the clay cement slurry hardened body
first increases first and then decreases with time. After 28 days of curing, the maximum
strength of clay cement slurry stone is 436 kPa, whereas that of stone powder cement slurry
stone is 1352 kPa. The strength of stone powder cement slurry stone is 3.1 times that of
clay cement slurry stone. After 112 days of curing, the maximum strength of stone powder
cement slurry hardened body is 1458 kPa, whereas the strength of clay cement slurry hard-
ened body is 46 kPa. The strength of stone powder cement slurry hardened body is 31.6
times that of clay cement slurry hardened body. The longer the curing duration, the higher
the strength of stone powder cement slurry relative to that of clay cement slurry, owing
to the cracks generated during the solidification of clay cement grout. The compressive
strength value shows that the geotechnical reinforcement strengthening capacity of stone
powder cement grout hardened body is greater than that of clay cement hardened body.
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Figure 10. Comparison of slurry strength between stone powder cement and clay cement.

The strength of stone powder cement grout gradually increases with the curing dura-
tion, and no cracks are found on the surface, as shown in Figure 11a, whereas the surface of
clay cement slurry exhibits crisscrossing cracks, leading to strength failure and hardened
body instability, as shown in Figure 11b. When the clay slurry is transported to the rock
of the geotechnical reinforcement, cracks occur after slurry consolidation, reducing the
strength of the hardened body and the bearing capacity of the geotechnical reinforcement.
When the stone powder slurry is transported to the depth of the geotechnical reinforcement
cracks, a strong hardened body is formed. Therefore, stone powder cement slurry material
is preferred for geotechnical reinforcement slurry material.
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During the curing process, the strength of the stone powder cement slurry gradually
increases over time. After 112 days, the maximum strength of the stone powder cement
slurry stone is 1458 kPa—31.6 times that of the clay cement slurry stone. The hardened
body reinforced with stone powder slurry is more powerful than that with clay cement and
is more resistant to external load.
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3.4. Analysis of Microscopic Reaction Mechanism and Pore Structure of the Hardened Body

In addition to the mechanical macroanalysis, a microanalysis should also be carried
out. The hydration products, reaction mechanism, and micropores of clay cement and
stone powder cement stone bodies were analyzed from the microscopic perspective. The
microparameters of stone powder cement grouting hardened body are better. The combina-
tion of macro- and microanalysis further demonstrates that the stone powder cement slurry
is more resistant to external loads, making the geotechnical reinforcement more stable and
improving the bearing capacity.

3.4.1. Analysis of Hydration Reaction Products

The microstructure of cement hydration products was compared between clay cement
slurry hardened body and stone powder cement slurry hardened body at different magni-
fications. Under 1500 × magnification, the surface of the clay particles was coated with
sheet tetracalcium ferroaluminate crystals. However, the crystals on the surface of stone
powder particles covered the surface in bundles, in contrast to those on the surface of clay
particles; there were more crystals on the surface of stone powder particles than on the clay
particles, as shown in Figure 12.
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Figure 12. SEM images of hardened bodies.

Under 3500 × magnification, the Ca(OH)2 hardened body [28–31] generated by C-S-H
gel of several superimposed sheets is distributed among a few clay particles, whereas there
are significantly more hydration products of C-S-H gel of stone powder cement hardened
body are significantly more than those of clay cement hardened body. The sheets are closely
stacked, with decreased porosity and increased strength, as shown in Figure 12.

Under 5000 × magnification, SEM images show nucleation of hydrated calcium oxide
gel on the surface of the clay particles, with a small amount of ettringite growing on the
surface. However, traces of erosion are visible on the surface of stone powder particles



Buildings 2022, 12, 1887 11 of 17

because the surface of the stone powder particles is active as a result of the reaction with
cement, with a large amount of ettringite growing on the surface, as shown in Figure 12.

3.4.2. Reaction Mechanism Analysis

The role of clay in cement hydration reaction: Under the heat released from the
cement hydration reaction, a small amount of ferric oxide and magnesium oxide in clay
components is converted into ferric hydroxide and magnesium hydroxide colloid with
positive charge. Serum anion binding clouds cluster in the body, and clay adsorption by the
electrostatic force between particles results in a low strength of the hardened body. A small
amount of calcium oxide in the clay composition reacts with water to produce calcium
hydroxide colloid with a positive charge and cement particles with a very weak charge
exchange, providing crystal nucleus attachment points for cement particles, accelerating
the hydration reaction of cement, clay, and cement hydration products by chemical bond
force condensation, resulting in a hardened body with high strength. However, due to
the low proportion of cement in the slurry and the reduction in cementing material after
hydration, the overall strength of the hardened body is low.

The role of stone powder in the cement hydration reaction: The addition of stone
powder inhibits the formation of monosulfur calcium sulphoaluminate hydrate (AFm),
and the ettringite formed by the hydration reaction of cement clinker in the early stage of
cement is more stable. Because the molar volume of ettringite is higher than that of AFm,
the porosity of the hardened body is reduced, the pore structure of the hardened body is
improved, and the strength is increased.

3.4.3. Analysis of Porosity Results

(1) Image-Pro Plus (IPP) porosity calculation method
To analyze the microscopic pores of the hardened body, SEM images were analyzed by

IPP software with the help of binarization-related software and the Menger sponge model.
The image obtained by scanning electron microscope was imported into IPP software,
and the relationship between porosity and porosity obtained by mercury pressure test
was calculated according to the gray threshold. When the gray threshold was set to 81,
binarization was performed to reduce the test error. In the SEM scanning volume images,
pixels are taken as units; 1 represents particles, and 0 represents pores. The porosity of
the consolidated body can be calculated by counting the proportion of 0 and 1 images, as
shown in Figure 13.
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Figure 13. Process of porosity calculation.
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In 3D space, based on the Menger sponge model, the expression of the micropore
distribution density function can be derived as follows.

F(r) =
3 − D
KvL−D r−1−D (1)

In the aperture area, [r1 − r2] can be used to obtain the area between the microscopic
pore volume for:

V(r1 ∼ r2) =
∫ r2

r1

F(r)KVr3dr =
∫ r2

r1

3 − D
L−D r2−Ddr (2)

And because:
Va = L3 (3)

The microscopic porosity in the modified interval can be obtained as follows:

n(r1 ∼ r2) =
[ r2

L

]3−D
−
[ r1

L

]3−D
(4)

In summary, the microscopic pore volume of the hardened body can be expressed as:
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After the change:
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Finally, taking the logarithm of both sides yields:

Ln
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Va

]
= (3 − D)Ln(

r
L
) (7)

where KV denotes the shape factor of microscopic pore volume, V (≥r) denotes the pore
volume with a pore size is greater than or equal to the pore volume, Va denotes the total
pore volume of soil within the observation range, L denotes the scale of observation range,
and D denotes the fractal dimension of the pore volume of the Menger sponge.

An electron microscope can magnify stone powder cement and clay cement hardened
bodied by tens of thousands of times. The smaller the multiple, the larger the range of
analysis and statistics and the more blurred the boundary between particles and pores,
which affects the statistical error. The larger the multiple, the smaller the area of analysis
and statistics, and the obtained data are one-sided and cannot be regarded as representative
values. Therefore, it is necessary to select appropriate multiple images to study the porosity
of the hardened bodies. Three electron microscopic scanning images of the mucinous
hardened bodies with different magnifications (1500, 3500, and 5000) and different regions
were selected, as shown in Figure 14. According to calculations, the porosity of the three
clay hardened body images was 26.2%, 37.3%, and 36.8%, respectively, with an average
value of 33.43%. The porosity of the three images was 16.7%, 17.5%, and 20.3%, respectively,
with an average of 18.16%.

Microstructural analysis of the clay cement slurry hardened body and the stone
powder cement slurry hardened body revealed many hydration products in the stone
powder cement slurry hardened body. The strength of the hardened body was improved
as the cement particles encapsulated the stone powder particles to provide an attachment
point for the cement reaction, accelerating the cement hydration reaction and producing
a large number of hydration products that effectively filled the pores of the hardened
body. However, due to the small size of the clay particles, the clay particles wrapped
the cement particles and prevented the cement hydration reaction. As a result, the clay
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cement slurry hardened body had fewer hydration products, a simpler structure, and larger
pores. Comprehensive comparative analysis shows that the microstructure of stone powder
cement slurry is dense.
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Figure 14. Sample diagram for porosity calculation.

(2) Mercury Intrusion Porosimeter (MIP) porosity calculation method
The prepared stone powder cement slurry hardened body and clay cement slurry

hardened body samples were dried (three for each group), processed into 10 mm × 10 mm
× 10 mm squares with fine steel wire, and placed in a dilatometer under a pump vacuum to
ensure that the pore pressure in the samples was close to zero. Then, mercury was injected
for mercury injection analysis. The pore parameters of the samples were collected. The
MIP test operation is shown in Figure 15.
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Figure 15. MIP test operation.

Analysis of the data obtained from the mercury intrusion test, allowed for calculation
of the porosity of the samples, the maximum volume of mercury injection, and other
parameters. As shown in Table 9, the mercury inflow volume of stone powder cement
slurry hardened body is 0.12–0.18 mL, and that of clay cement slurry hardened body is
0.23–0.31 mL. Other parameters measured in the mercury injection test are listed in Table 9.
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Table 9. Mercury intrusion test parameters.

Material Number Sample
Quality/g

Maximum
Volume of
Mercury
Inlet/mL

Porosity/%

Stone powder
cement slurry

Sample 1-1 3.4 0.14 16.4
Sample 1-2 3.4 0.12 18.7
Sample 1-3 3.4 0.18 23.5

Clay cement
slurry

Sample 2-1 2.7 0.23 31.8
Sample 2-2 2.7 0.28 33.4
Sample 2-3 2.7 0.31 36.1

After data processing and analysis, the distribution curves of pore diameter and
accumulated mercury volume of the samples were obtained according to the accumulated
mercury volume and pore diameter data obtained in the mercury intrusion test, as shown
in Figure 16. The curve value of sample 2-3 is the highest among all samples, indicating
that it has the highest mercury intake and porosity. The curve value of sample 1-1 is the
lowest, indicating that it has the lowest mercury intake and porosity. The mercury content
of stone powder cement slurry (sample 1) at mutation point 1 increased, indicating that the
pore diameter of stone powder cement slurry hardened body is concentrated in the range of
10–50 nm. When the pore diameter is greater than 50 nm, the cumulative mercury content
of the pore volume changes minimally, indicating that there are few pores larger than 50
nm in the sample. The mercury content of clay cement slurry (sample 2) at mutation point
2 increased, indicating that the pore diameter of the clay cement slurry hardened body is
concentrated in the range of 100–150 nm. When the pore diameter is greater than 150 nm,
the cumulative mercury volume change of the pore is minimal, indicating that there are
few pores larger than 150 nm in the sample.
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Figure 16. Volume distribution of different sample pore diameters and cumulative mercury intake.

Mutation point 1 is on the right side of mutation point 2, indicating that the average
pore diameter of the stone powder cement slurry hardened body is smaller than that of
the clay cement slurry hardened body, whereas the curve height of sample 1 is lower than
that of sample 2, indicating that the porosity of the stone powder cement slurry hardened
body is smaller than that of the clay cement slurry hardened body because when the
stone powder cement slurry hydration reaction occurs, because the stone powder particle
size is larger than the cement particle size, the stone powder particles are surrounded by
cement, providing an attachment point for the cement reaction and accelerating the cement
hydration reaction, generating a large number of hydration products, effectively filling
the voids of the hardened body and resulting in a small pore size in the stone powder
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cement slurry hardened body. However, when the hydration reaction occurs in the clay
cement slurry, owing to the small size of the clay particles, the clay particles surround the
cement particles, hindering the hydration reaction of cement and resulting in few hydration
products, so the gaps of the hardened body cannot be effectively filled, resulting in high
porosity and a large pore diameter of the clay cement slurry hardened body.

The average porosity of stone powder cement slurry produced using the MIP method
is 19.53%, and the error of IPP calculation is 7%. The average porosity of the clay cement
slurry hardened body is 33.77%, and the error of IPP calculation is 1%. The calculation
results are similar between the two methods, indicating that the combination of SEM and
IPP is an effective porosity calculation method.

Analysis of the hydration reaction products, hydration mechanism, and pore struc-
ture of the slurry hardened body show that the stone powder slurry hardened body has
many hydration products, a sufficient hydration reaction, and low porosity. These mi-
crostructures are conducive to improving the strength of the stone powder slurry hardened
body and strengthening the bearing capacity of the geotechnical reinforcement, indicating
that the microstructure of the stone powder cement slurry is superior to that of the clay
cement slurry.

4. Discussion

Stone powder is a type of powdery solid waste. The surface of stone powder particles
provides an attachment point for cement reactions, which can accelerate the cement hydra-
tion reaction, with the potential to replace clay cement slurry. We conduct a bleeding rate
test, mechanical property test, and microstructure test for stone powder cement slurry and
compare the performance of stone powder cement slurry with that of clay cement slurry.

5. Conclusions

(1) Under the condition of high fluidity (296 mm), stone powder cement grout has a
lower bleeding rate than clay cement grout. The high fluidity ensures that the grout can
spread more widely and deeper in geotechnical reinforcement grouting and fully fill the
bedrock and soil fractures. The low bleeding ensures that the grout will completely fill the
pores and fissures of the bedrock soil mass after consolidation, improving the integrity of
the geotechnical reinforcement structure.

(2) According to the results of the mechanical test, the strength of stone powder cement
grout is higher than that of clay cement grout. After the stone powder cement grout is
injected into the geotechnical reinforcement, the rock and soil mass can form an integral
structure and improve the bearing capacity of the geotechnical reinforcement.

(3) Analysis of the microstructure of the stone powder cement slurry hardened body
shows that the stone powder cement slurry hardened body has many hydration products,
a sufficient hydration reaction, and low porosity, which further explains the its superior
mechanical properties. Macro- and microanalyses show that the stone powder cement
slurry hardened body is highly resistant to external loads, improving the bearing capacity
the geotechnical reinforcement effect.

Stone powder cement slurry has a low bleeding rate, high compressive strength, and
low porosity, which are conducive to improving geotechnical engineering, with an excellent
grouting effect.
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