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Grouting technology is a crucial method for mitigating karst water inrush
disasters. However, traditional grouting materials face significant limitations
when addressing catastrophic karst water inrush under conditions of high-
water pressure, large water inflow, and complex hydraulic environments.
To overcome these challenges, this study developed a high-performance
modified clay-cement grouting material. A series of indoor experiments
were conducted to investigate the effects of the water-to-solid ratio, clay
content, and modifier dosage on the material’s grouting performance. The
optimal mix ratio was identified as water: cement: clay = 2:1:1, with an
admixture dosage of 0.75%, by comparing the engineering performance of
the new material against pure cement and traditional cement-clay grouting
materials. The applicability and effectiveness of the developed grouting material
were further validated in a practical engineering application within a water
conservancy hub project in Guiping City, Guangxi Province. Results indicate
that the new material not only effectively mitigates the risk of catastrophic
karst water inrush but also offers advantages such as low cost, ecological
benefits, and environmental sustainability. This study provides reliable technical
support for emergency grouting applications and demonstrates potential
for wider use.
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1 Introduction

With the rapid advancement of society and industrialization, changes in the
hydrogeological environment and issues related to karst water inflow have increasingly
become significant challenges in engineering construction (Zhang et al., 2018a; Li Y. et al.,
2020; Cui and Tan, 2021; Cui et al., 2015; Yang and Zhang, 2016; Xu Z. et al., 2024).
Karst water inflow is prevalent in regions with highly mobile groundwater, especially
in fractured zones and areas with well-developed fissures in limestone and dolomite
(Veress, 2020; De Waele et al., 2011; Li et al., 2016). Karst water inflow can result
in sudden water and mud ingress during construction, increasing both construction
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difficulty and risk. Additionally, it poses long-term threats to
the stability and durability of infrastructure (Gutiérrez et al.,
2014; Song et al., 2012). Furthermore, dissolved minerals that are
carried by inflowing water accelerate the erosion of engineering
structures, potentially leading to foundation settlement, tunnel
leakage, dam instability, and other serious issues (Cui et al.,
2015). These hazards not only significantly increase remediation
costs but also necessitate higher safety standards in engineering
projects. Therefore, effectively controlling karst water inflow
and mitigating its destructive impact on engineering works has
become a pressing technical challenges in the field of geotechnical
engineering.

Grouting technology is considered an effective solution for
controlling karst water inflow. Its primary mechanism involves
filling karst fractures and cavities with grouting materials to
block the formation of water inflow channels and enhance
rock mass stability (Zhang et al., 2018b; Li H. et al., 2020).
Researchers have developed various grouting materials that are
tailored to address karst water inflow issues (Cui et al., 2017;
Shi et al., 2017; Zhenjun et al., 2024). Among these materials,
cement-based grouting materials are widely used due to their
high strength, broad availability, and adaptability. However,
these materials also have several disadvantages, including high
material consumption, difficulties in controlling diffusion, and
poor environmental adaptability. These challenges are particularly
evident in highly erosive karst water environments, where
maintaining the long-term effectiveness of cement-based grouting
is often challenging (Li Y. et al., 2020; Xu C. et al., 2024;
Li et al., 2021). Additionally, the high carbon emissions that
are associated with traditional cement-based materials conflict
with current objectives of green and low-carbon development in
the engineering sector (Zhang et al., 2019; Zhang et al., 2024).
In recent years, modified cement materials have emerged as
an important class of green building materials, and they are
widely applied in underground engineering due to their low cost,
ease of construction, high mechanical strength, and superior
durability. In particular, the combination of cement and clay
significantly improves grout fluidity and setting performance while
enhancing filling capacity and compactness. However, traditional
cement‒clay grouts still exhibit limitations in erosion resistance and
impermeability under high water pressure and fast-flowing water
conditions, making them insufficient for effectively managing karst
water inflow.

This study aims to optimize the performance of cement‒clay
grouting materials by incorporating modifiers to increase their
adaptability under complex hydrogeological conditions. Based
on the practical requirements of karst water inflow management,
a novel high-performance modified cement‒clay grouting
material was developed. The research systematically analyzed
the effects of the water‒solid ratio, clay content, and modifier
dosage on grouting material performance, and its effectiveness
and feasibility were validated through practical engineering
applications. This study not only introduces an innovative, efficient,
economical, and environmentally friendly solution for managing
karst water inflow but also provides theoretical and technical
support for addressing engineering challenges under complex
geological conditions.

2 Engineering background

The Datengxia Water Conservancy Project (Figure 1),
approved by the State Council, is a flood control hub project
for the Pearl River Basin and a landmark infrastructure project
for the Pearl River–Xijiang Economic Belt and the “Xijiang
Hundred-Million-Ton Golden Waterway.” It is a significant
cooperative effort between Guangdong and Guangxi provinces
and between Guangxi and Macao. Located at the outlet of
the Datengxia Gorge on the Qianjiang River section of the
Xijiang River system in the Pearl River Basin, approximately
6.6 km from the Qianjiang Bridge in Guiping, the Datengxia
Water Conservancy Project is a large-scale multifunctional water
conservancy project. Its functions include flood control, navigation,
power generation, freshwater replenishment to combat saltwater
intrusion, and irrigation, with the ship lock being one of its
primary structures.

The ship lock foundation primarily comprises an upper
Quaternary overburden layer and a lower bedrock layer. The
bedrock consists of limestone and dolomite from the lower and
middle sections of the Yujing Formation (D1y1-3 and D1y2
layers). The strata strike northeast, dip southeast, and have dip
angles ranging from 20° to 22°, with interbedded formations
as the dominant structure, along with minor thick-bedded and
thin-bedded formations. Karst development is prominent in the
limestone and dolomite of the Yujing Formation, characterized as
a broad-valley-type buried karst system.

As the excavation of the ship lock foundation approached
the designed foundation level, the volume of karst water inflow
within the foundation pit showed a continuous increase. Three
major water inflows were observed at the left slope toe of the pit,
while one significant inflow occurred at the right slope toe, with a
combined water inflow rate of approximately 3,800 m3/h. The high
drainage volume required for the foundation pit led to elevated
pumping costs and posed a risk of catastrophic karst water inflow.
To prevent catastrophic water inflow that could flood the foundation
pit and ensure construction safety, it was essential to implement
emergency rescue measures and comprehensive karst water seepage
management.

3 Grouting material test

3.1 Test material

3.1.1 Cement
Cement primarily serves as a binder in grouting materials,

generating strength and enhancing material stability through
hydration reactions. The cement used in this study is Grade 42.5
ordinary Portland cement produced by the Hunan Biluo Cement
Plant, meeting the national standards for Portland cement.Themain
performance indicators are shown in Table 1.

3.1.2 Clay
Clay primarily serves as a thickening agent in grouting

materials, enhancing slurry viscosity, stability, and water retention
while improving rheological properties. This contributes to better
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FIGURE 1
Datengxia water conservancy project.

TABLE 1 Properties of cement.

Parameter Value

Specific gravity 3.09

Stability Qualified

Initial setting time/min 95

28 days compressive strength/MPa 46.7

w (CaO)/% 61.9

W(SiO2)/% 20.3

W(Al2O3)/% 5.6

Bal./% 12.2

workability and filling performance of the slurry (Cui and Tan,
2021; Zhang et al., 2017). The clay used in this study was sourced
from Changsha, Hunan Province, and its chemical composition
is shown in Table 2.

3.1.3 Modifier
The modifier in grouting materials enhances the compatibility

between cement and clay, ensuring uniformity of the slurry.
This effectively improves grouting performance and soil stability
(Zhang et al., 2018b; He et al., 2020).The primary component of the
modifier is meta-aluminate, and its dosage complies with relevant
Chinese regulations. Due to its hygroscopic nature, the modifier
must be stored in a dry environment.

TABLE 2 Properties of clay.

Parameter Value

Specific gravity 2.65

Water content 25.1

Initial setting time/min 90

Liquid limit/% 42.4

Plastic limit/% 22.7

Liquid index/% 0.12

pH 5.8

Silicon dioxide (SiO2)/% 46.3

Aluminium oxide (Al2O3)/% 39.5

Iron oxide (Fe2O3)/% 0.8

Magnesium oxide (MgO)/% 0.13

Calcium oxide (CaO)/% 0.12

3.2 Test scheme

The water-to-solid ratio, clay content, and modifier dosage
are the primary factors influencing the rheological properties of
grouting materials. In this study, the water-to-solid ratio (by mass)
was set at 0.6, 1.0, and 1.5 (see Table 3), while the clay content was
selected as 0%, 10%, 30%, and 45% of the cement mass. Based on
prior laboratory experiments and field engineering practices (Güllü,
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TABLE 3 Experimental schemes of cement clay grouting material (CCGM).

Number A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12

Water: solid ratio 0.6:1 1.0:1 1.5:l

Clay dosag/% 0 15 30 45 0 15 30 45 0 15 30 45

TABLE 4 Experimental schemes of modified cement clay grouting
material (MCCGM).

Number B1 B2 B3 B4 B5

Water: cement: clay 2:1:1 2:1:1 2:1:1 2:1:1 2:1:1

Modifier dosage/% 0.25 0.5 0.75 1.0 1.25

2015; Anagnostopoulos, 2014), the modifier dosage was set between
0.5% and 3.0% of the cement mass. Accordingly, in Table 4 the
modifier dosages in this study were 0.25%, 0.5%, 0.75%, 1.0%, and
1.25% of the cement mass. To minimize experimental error, each
scheme was tested three times, and the median value of the three
results was used for final analysis. Where cement grouting material
(CGM) was used as a control experiment.

3.3 Experimental test

3.3.1 Rheological test
Figure 2 shows the experimental testing. The rheological

testing of grouting materials is used to evaluate their fluidity
and injectability, providing a basis for optimizing construction
parameters and predicting the material’s diffusion and coverage
performance in soil. This helps improve grouting effectiveness and
ensures construction quality. The rheological tests were conducted
using an RSX SST rheometer (Brookfield Engineering, United States
of America), which operates in controlled shear rate (RPM) and
controlled shear stress (torque) modes. It characterizes the creep
behavior, yield stress, and viscosity distribution of slurries, muds,
and particulate materials. The accompanying Rheo3000 software
supports PC control, enabling data acquisition and analysis, and
allows for the processing of multiple test files.

3.3.2 Scouring resistance test
Grouting materials applied to karst water inflows must possess

anti-erosion capabilities to resist the scouring or dilution caused by
high water flow velocities and quickly solidify in dynamic water
environments to maintain stability. To evaluate the anti-erosion
performance, the grouting materials were subjected to experiments
under varying flow velocities in a water tank. The flow velocity was
controlled using a water pump and set to 0.3 m/s, 0.6 m/s, 0.9 m/s,
and 1.2 m/s, with a scouring duration of 60 s. The experimental
procedure was as follows: first, the flow velocity was adjusted to
the target value. Once the flow stabilized, the grouting material was
placed in the water tank to begin the anti-erosion test. After 60 s, the

experiment was stopped, and the remaining slurry was weighed to
calculate the erosion retention rate.

3.3.3 Consistency and setting time test
Consistency and setting time are key parameters that affect

grouting activities. Consistency is an important indicator for
evaluating the fluidity of the slurry during the pumping process,
while setting time directly influences the control of the grouting
process. By assessing the consistency and setting time of the slurry,
the diffusion radius can be effectively controlled. In this study, the
consistency and setting time of the slurry were measured using a
mortar consistency tester. The initial setting time of the slurry was
determined by pouring the slurry into a beaker inclined at 45° and
recording the time required for the slurry to stop flowing.

3.3.4 Compressive strength test
The mechanical properties of the hardened slurry, including

compressive strength and permeability coefficient, are important
indicators for evaluating grouting quality. In this experiment,
a concrete compression testing machine was used to test the
compressive strength of cubic samples with a side length of 70.7 mm.
The hardened slurry was tested at three different curing periods:
3 days, 7 days, and 28 days, under standard curing conditions.

4 Results and discussion

4.1 Rheological properties

4.1.1 Rheological curves
4.1.1.1 CCGM

Figure 3 shows the rheological curves of the cement‒clay slurry
at different water‒solid ratios. The results indicate that when the
water‒solid ratio is 0.6:1, the cement‒clay slurry behaves as a
Bingham fluid, with yield stress gradually increasing as clay content
increases (Choi et al., 2016). When the water-solid ratio is 1:1, the
rheological behavior of slurries with 0% and 15% clay content is
similar, and both exhibited shear-thinning characteristics typical of
a power-law fluid (expanding fluid), where shear stress increases
with shear rate. As the clay content increases to 30% and 45%, the
slurry transitions to a Bingham fluid, with shear-thinning behavior
observed only when the clay content is 30%. At a water-to-solid
ratio of 1.5:1, the cement‒clay slurry continues to exhibit Bingham
fluid behavior. Although clay content significantly influences the
slurry’s rheological curve, its overall rheological behavior remains
consistent with the Bingham fluid model. When the shear rate is
below 15 s–1, the slurry’s initial viscosity approaches that of water
(0 Pas) due to the higher water-solid ratio, resulting in a shear stress
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FIGURE 2
Experimental testing.

of 0 Pa. As the slurry begins to set, both viscosity and shear stress
gradually increase.

4.1.1.2 MCCGM
Figure 4 presents the rheological curves ofmodified cement‒clay

slurry with different amounts of modifier. When the modifier
content is 0.25% and 0.50%, the slurry exhibits Bingham fluid
characteristics. As the modifier content increases to 0.75%, 1.0%,
and 1.25%, the slurry transitions to a pseudoplastic fluid (Herschel-
Bulkley fluid) (Rahman et al., 2017), with an initial shear yield value
exceeding 20 Pa. When the modifier content exceeds 0.75%, the
shear stress of the slurry first decreases before stabilizing as the shear
rate increases.This phenomenonmay be attributed to the disruption
of the internal structure of the slurry at higher shear rates, which
reduces structural resistance and ultimately leads to a decrease in
viscosity. As structural breakdown continues, shear stress stabilizes
at a constant value. A comparison of static yield stress and dynamic
yield stress can further clarify this mechanism. When the modifier
content exceeds 0.75%, the stable shear stress of the slurry tends to
become consistent. At a specific shear rate, increasing the modifier
content initially increases shear stress, but further increases result in
little significant change.

4.1.2 Viscosity
4.1.2.1 CCGM

Figure 5 illustrates the viscosity curves of cement‒clay slurry at
different water‒solid ratios. When the water‒solid ratio is 0.6:1 and
the clay content is 0% or 15%, the slurry viscosity shows minimal
variation over time. However, as the clay content increases to 30% and

45%, viscosity increases rapidly before stabilizing at approximately
40 min.At awater‒solid ratio of 1:1, viscosity initially decreases before
increasing, with higher initial viscosity observed with higher clay
contents. For a water‒solid ratio of 1.5:1, the viscosity of the slurry
with 0% clay remains at zero initially but gradually increases over
time. Other slurries follow a trend of decreasing viscosity followed by
increased viscosity. Except for the slurry with 45% clay content, all the
others exhibit an initial viscosity of zero.

The observed trend of viscosity decreasing and then increasing
over time can be attributed to the instability of slurries with higher
water‒solid ratios, which promote rapid separation ofwater from the
slurry. During this segregation process, slurry viscosity decreases.
Once water segregation is complete, the slurry begins to coagulate,
leading to a subsequent increase in viscosity.

4.1.2.2 MCCGM
Figure 6 shows the effect of different modifier dosages on the

viscosity changes of modified clay-cement slurry over time. The
viscosity of the modified slurry initially increases before gradually
stabilizing. The trend indicates that the continuous generation of
hydration products leads to a progressive increase in viscosity
throughout the hydration process, with a sustained increase as the
hydration time extends. Additionally, the time required for viscosity
stabilization is delayed with increasing modifier dosage.

The results indicate that viscosity stabilization time is closely
related to hydration duration. Additionally, slurries with the same
clay content but varying modifier dosages exhibit similar viscosity
trends, suggesting that clay content is the primary factor influencing
slurry viscosity.
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FIGURE 3
Rheological curves of CCGM with different water-solid ratios. (A) Water-solid ratio of 0.6:1. (B) Water/solid ratio of 1:1.(C) water-solid ratio of 1.5:1.

FIGURE 4
Rheological curves of MCCGM with different modifier dosages.

4.2 Thixotropy

4.2.1 MCCGM
When a suspension is at rest, particles collide due to shear forces

andBrownianmotion, eventually formingflocs.However, under shear
stress, these flocs break apart, decreasing in size as shear rate increases,
leading to a reduction in viscosity. This phenomenon, known as
thixotropy, has also been observed in other fluids (Wallevik, 2009;
Mardani-Aghabaglou et al., 2021). Figure 7 illustrates the thixotropic
behavior of modified clay-cement slurries prepared with different
dosages of modifiers. The modifier dosage significantly affects the
slurry’s thixotropy, resulting in complex changes.

The effect of modifier dosage on the thixotropy of modified
cement‒clay slurry is evident in several aspects. When the modifier
dosage is relatively high (≥1.25%), the slurry exhibits coagulation
behaviorand transitions intoaplastic state.Underexternal forces, such
as sustained shear stress, intermolecular forces weaken or disappear,
leading to structural degradation within the slurry. This structural
degradation reduces strength and consistency. When the external
force is removed, molecular recombination occurs, but the slurry
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FIGURE 5
Viscosity of CCGM with different water-solid ratios. (A) Water-solid ratio of 0.6:1. (B) Water-solid ratio of 1:1. (C) Water-solid ratio of 1.5:1.

FIGURE 6
Viscosities of MCCGM with different modifier dosages. FIGURE 7

Thixotropy of MCCGM with different modifier dosages.
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FIGURE 8
Retention rates of different grouting materials.

strength does not fully recover to its original state, demonstrating
typical thixotropic behavior. In contrast, when the modifier dosage
is relatively low (<0.75%), intermolecular bonding forces within the
slurry are weaker, and Brownian motion is more pronounced. As the
cement hydration reaction progresses, the consistency of the slurry
gradually increases. At the same shear rate, the shear stress of the
upward flow curve is consistently lower than that of the downward
flow curve, reflecting the rheological characteristics of the slurry.

4.3 Scouring resistance

The results of the erosion resistance experiments
are shown in Figure 8. As shown in the figure, cement slurry
exhibits the poorest erosion resistance, with a retention rate of
only 32% at a flow velocity of 1.2 m/s. In contrast, the retention
rate of cement‒clay slurry is 22% higher than that of cement slurry,
which can be attributed to clay particles filling the voids within
the slurry. Additionally, the water absorption and slight swelling
of clay particles reduce the porosity and enhance the compactness
of the hardened material, thereby improving erosion resistance.
The modified cement‒clay slurry, with the addition of modifiers,
demonstrates superior erosion resistance across all flow velocities
compared to the other two slurries. This improvement is attributed
to the modifier reducing slurry dispersibility, thereby minimizing
particle loss and peeling in erosive environments. Furthermore,
the modifier optimizes the internal microstructure of the slurry,
resulting in a more compact and uniform hardened material,
significantly enhancing its erosion resistance. Based on this analysis,
modified cement‒clay slurry is well-suited for high-flow velocity
conditions, such as karst water inrush conditions.

4.4 Setting time

Table 5 presents the setting times of various grouting materials.
The results indicate that cement‒clay slurry has the longest setting

time, followed by pure cement slurry, while themodified cement‒clay
slurry exhibits a significantly reduced setting time compared to
the other two materials. Specifically, the setting time of CCGM
increased by 16.2%, whereas that of MCCGM decreased by 50.7%
compared to CGM.The prolonged setting time of cement‒clay slurry
is primarily due to its lower cementitious material content and the
strong water absorption capacity of clay. Clay particles absorb free
water, slowing the hydration rate of cement particles and extending
the setting time. In contrast, themodifier in themodified cement‒clay
slurry rapidly stimulates the hydration reactions of both cement and
clay, accelerating the formation of C‒S‒H gel. This promotes the
rapid development of a stable gel network within the slurry, thereby
significantly shortening its setting time.

4.5 Bleeding rate and bulk shrinkage rate

Table 5 presents the bleeding rates of various groutingmaterials,
showing that the incorporation of clay and modifiers significantly
reduces the bleeding rate. Compared to pure cement grouting
material, the bleeding rates of cement‒clay grouting material
and modified cement‒clay grouting material decreased by 50.6%
and 84.7%, respectively. This reduction can be attributed to the
properties of clay, including pore-filling and water-absorbing
expansion. The fine clay particles fill microvoids within the
grouting material and swell upon water absorption, sealing
channels and enhancing the material’s compactness. Furthermore,
the modifier accelerates cement hydration, generating denser
hydration products that further reduce the bleeding rate. Table 5 also
presents the volumetric shrinkage rates of the grouting materials,
which follow a trend consistent with the bleeding rates. The
modified cement‒clay grouting material exhibits a significantly
lower volumetric shrinkage rate than the other two materials.
This is because the modifier not only promotes the generation of
additional cementitious materials but also enhances the uniformity
and anti-segregation properties of the slurry, thereby minimizing
volumetric shrinkage. In conclusion, the modified cement‒clay
grouting material offers significant advantages for engineering
applications, particularly in managing karst water inflow
environments.

4.6 Compressive strength

Figure 9 shows the compressive strength of the solidified bodies
of each slurry at different curing ages. As shown in the figure,
the compressive strength of the cement slurry solidified bodies
is significantly higher than that of the other two slurries at all
curing ages. Additionally, the solidified bodies of the modified
cement‒clay slurry exhibit higher early compressive strength than
those of the cement‒clay slurry. The decrease in compressive
strength of the cement‒clay slurry solidified bodies can be attributed
to the partial replacement of cement with clay, which reduces
the effective cement content in the paste. This leads to a lower
generation of hydration products, thereby decreasing compressive
strength. However, the addition of the modifier accelerates early
hydration reactions, enabling the modified cement‒clay slurry to
achieve a compressive strength of 1.4 MPa at the 3-day curing age,
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TABLE 5 Performance parameters of different grouting materials.

Material type Setting time/min Water bleeding rate/% Bulk shrinkage rate/%

CGM 136 8.5 4.8

CCGM 158 4.2 2.7

MCCGM 67 1.3 0.5

FIGURE 9
Compressive strength of different grouting materials.

FIGURE 10
Pipe layout.

surpassing the cement‒clay slurry, which has a strength of 2.1 MPa.
Thus, the modified cement‒clay slurry exhibits a higher early
strength gain.

FIGURE 11
Concrete compression weight.

5 Field application

The treatment of karst groundwater inflow was influenced by
geological conditions and the overall project schedule.The treatment
was carried out using methods that involved blocking inflow points
and reverse grouting. The grouting process was carried out as
follows: First, loose debris and silt at each inflow point were removed
to expose the karst water channels or fractures as much as possible.
The removal area was determined based on the actual conditions
at each inflow point on-site. Next, a diversion (grouting) pipe was
inserted into the karst water channel. The diversion (grouting)
pipe was selected, and different diameters of steel pipes were used
depending on the channel size. The length of the steel pipe was
adjusted based on the inflow volume and burial depth of each
inflow point. The underground section of the steel pipe and its
mouth were wrapped with two layers of nonwoven geotextile to
maximize water redirection into the pipe. A gate valve was installed
at the exposed outlet of the steel pipe. Subsequently, as can be seen
in Figure 10, concrete was applied to add weight, while a setting
accelerator and dispersant were incorporated to minimize slurry
loss. As shown in Figure 11, during the initial grouting phase, cement
slurry was used to establish a channel for subsequent grouting,
preventing excessive plugging pressure in later stages that could lead
to the lifting of the sealing concrete.
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FIGURE 12
Effect of grouting after construction.

It can be seen from Figure 12, after backfilling the centralized
seepage points, the gushing water in the pit was reduced from
4,200 m3/h to 1,400 m3/h. Additionally, the quality of the gushing
water improved, becoming clearer. The reduction in total water
inflow by more than two-thirds resulted in the distribution of water
entry points no longer being centralized, significantly lowering the
risk of catastrophic water inflow and ensuring that the lock pits
remained under control. Through this counter-irrigation treatment,
the water surge problem was effectively solved. Following the
completion of the construction, excavation in the treated area
resumed without any recurrence of sudden water influx, confirming
that the counter-irrigation treatment effectively sealed the water
influx channel. This construction method offers an effective
approach for addressing similar water influx issues, especially in
cases of sudden water influx during pit excavation. By effectively
reducingwater inflow, themethod can ensure pit construction safety.
The pit karst surge water backfilling treatment method is especially
suitable for managing sudden groundwater surges in projects of a
similar engineering nature.

6 Conclusion

To address challenging issues such as sudden karst water influx,
which is common in engineering, this paper develops a kind of
inexpensive, low-carbon, and environmentally friendly modified
clay-cement grouting material using cement, clay, and a modifier.
The main conclusions are as follows:

1. Experimental research determined that the optimal
ratio for the modified clay-cement grouting materials is
water:cement:clay = 2:1:1, with a modifier dosage of 0.75%.
This ratio improves the fluidity and compressive strength of
the material, making it suitable for grouting under high water
pressure and complex hydraulic conditions.

2. The modified cement‒clay slurry exhibited better scour
resistance than traditional cement-based materials
under varying water flow rates. The addition of the
modifier effectively reduces slurry dispersion, thereby

enhancing scour resistance. This characteristic makes it
particularly suitable for rapid water flow scenarios, such as
karst surges.

3. The study shows that the percolation rate of the modified
cement‒clay grouting material is significantly lower than
that of traditional cement grouting material, by 50.6%
and 84.7%, respectively. This indicates that the modified
material exhibits superior densification and durability in
karst water surge management, effectively preventing water
infiltration and improving the durability and stability of the
grouting material.

4. In the actual application of the project, the modified
cement-clay grouting material shows good applicability
and effectiveness, providing an efficient, economical, and
environmentally friendly solution for controlling karst water
influx. Moreover, this material has a wide range of potential
applications.
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