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Abstract

Water inrush is a major geological hazard that threatens the safety of underground engineering projects. Grouting can effec-
tively prevent and control such disasters. This article proposes a new type of super absorbent polymer (SAP) slurry grout
and provides a method for its synthesis. The expansion ratio of the material in deionised water is as high as 320 times. We
studied the effects of temperature and particle size on the viscosity and degree of segregation with glycerol as the carrier
fluid. To ensure good pumping stability, the recommended slurry ratio is SAP: glycerol =1/3, and the slurry temperature
should be maintained at 35 °C. We carried out model tests using a karst-channel water-inrush simulation device. Notably,
217 kg of slurry successfully blocked a 1 m/s gushing flow that was 400 mm wide and 250 mm high. Water-plugging field
tests were then conducted at typical flows. The flowing water in the karst channel was transformed into static water with the
SAP slurry, and then an ordinary cement slurry was injected to strengthen the stratum. The model- and field-test results both

showed the superior water-inrush blocking ability of the SAP slurry.

Keywords Karst - Grouting - Model test - Engineering application - Groundwater environment

Introduction

The Huarun Cement Company’s limestone mine is located
in Pingnan County, Guangxi Province, China. The com-
pany’s production scale is about 11.8 M t of ore mined
annually. The pit adopts a top-down, multilevel, multi-stage
mining method. The mining levels are +25,+ 10, —5, and
—20 m. Presently, most stopes are mined to —5 m, mining
towards the —20 m level. Years of mining have formed a
huge precipitation funnel centred on the pit. The mining
area is surrounded by rivers on three sides. The mine’s drain-
age data from 2008 to 2015 shows that the inflow is about
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203,000 m>/d during the dry season and 258,000 m*/d in
the wet season, with a 326,000 m3/d maximum (Li et al.
2019a, b). From May to October 2015, the stope’s water
depth reached 6 m, and the mine stopped production, caus-
ing huge economic losses and severe social impact nearby
(Li et al. 2019b). Water inrush not only has a very negative
impact on mine production, but also causes subsidence and
house cracking (Chen and Yang 2011; Li et al. 2019a; Li and
Wang 2012; Tu et al. 2022; Zhao et al. 2018). In addition, it
wastes groundwater resources, changes flow fields, and dis-
rupts the hydrogeological balance (Gu et al. 2020; Liu et al.
2017; Zhang et al. 2021; Li et al. 2021a, b; Ma et al. 2021).
Therefore, grouting can help protect groundwater resources
and the area’s ecology.

Grouting materials for blocking water inrush can be
divided into three categories: cement-based, chemical, and
aggregate (Haque et al. 2020; Hareendranathan et al. 2020;
Li et al. 2016, 2020). Cement-type grouting materials are
vulnerable to dynamic water dispersion and have difficulty
gelling under erosion and dilution. It is also difficult to
achieve highly efficient treatment of a large-flow inrush.

Chemical grouting materials are mainly polyurethane
and acrylamide. At low flow rates, polyurethane materials


http://orcid.org/0000-0002-3411-6082
http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-023-00941-7&domain=pdf

Mine Water and the Environment (2023) 42:460-471

461

can react with appropriate amount of water to generate car-
bon dioxide, and polyurethane materials can prevent water
through volume expansion. However, at high flow rates, the
chemical reaction is affected by dilution, and it becomes
difficult to form an effective plugging body. Therefore, most
of the grouting materials (most cement base materials and
chemical materials) block karst-channel type water inrush
by forming solids. Hence, they are significantly affected by
water volume and velocity. To eliminate restrictions of flow
rate on chemical reactions, some scholars have proposed
injecting kelp powder, soybeans, or other materials into karst
channels to use their physical expansion properties to form a
skeleton structure and reduce the flow rate (Li et al. 2021a,
b; Li et al. 2020 Wu et al. 2020). Then, cement-based materi-
als can be injected.

The advantage of aggregate grouting materials is that they
do not react chemically with the water. Through its own
micro-expansion characteristics, it forms a skeleton in the
karst channel, which reduces the cross-section of the channel
and thus reduces the flow velocity. Based on the above con-
siderations, this paper presents a new type of super-absor-
bent polymer (SAP) treatment material to mitigate water
inrush in karst tunnels.

Because there are many types of SAPs, and they are
affected by synthetic materials and methods, their expan-
sion properties vary greatly (Ahmad and Huglin 1994; Cap-
anema et al. 2018; Dragan 2014). This paper introduces an
SAP and synthesis method suitable for water-inrush sealing.
The expansion ratio, expansion rate, and repeated expansion
performance of the SAP slurry were tested in different solu-
tions. Then, a physical model experiment was used to verify
the SAP's blocking effect on a wide channel. The SAP slurry
was then applied to control the water inrush in the Huarun
cement plant mine. The results show that SAP can quickly
and efficiently block water inrush and provide a new means
of karst-channel water-inrush control. The channel is a stag-
gered combination of cavities and fissures. Among them, the
width of the cavity ranges from 10 cm to several meters, and
is generally about 50 cm. The fissure opening is generally
less than 10 cm (Yuan et al. 2016).

Materials and Model Test

Materials

SAP

The raw materials for SAP (see Fig. 1) include acrylic acid
(AA), N, N-methylenebisacrylamide (MBA), potassium per-
sulfate (KPS), and sodium hydroxide (NaOH). The mass

fraction of the solution and the synthesis of SAP is shown
in supporting information S-1.

SAP Slurry Because SAP is granular, it is necessary to form
a slurry of the SAP and other liquids and transport it to the
karst channel through a grout pump. We call this type of
liquid a carrier liquid. It cannot react with the SAP and does
not pollute the groundwater. We used glycerol as the carrier
liquid since it sticky, safe, non-toxic, and soluble in water.

The viscosity of the carrier fluid is an important indicator
for measuring whether the SAP can be suspended and trans-
ported. The higher the viscosity, the better the suspension
of particles. However, when it is too high, its pumpability
and fluidity will be affected. Therefore, we used a rotary
viscometer (lamy-RM100) to test the viscosity of the slurry
under different temperatures and mix-ratio conditions (see
Table 1).

Water Absorption The SAP was sieved into different parti-
cle sizes, and then 1 g of the SAP was placed into a tea bag,
which was immersed in the solution for 30 s at a time. The
tea bag taken from solution was then placed into a centri-
fuge for 1 min and rotated at 1000 r/min. Then, the water
absorption quality is recorded. The swelling ratio, Sw, was
calculated using the following formula:

M; = M,
S.(8/8) = A )]
where MO and Mi are the masses of the SAP and water-
absorbed SAP.

The SAP quality difference between two adjacent experi-
ments is divided by the water absorption time at a water
absorption rate of 30 is, and the water absorption increase
curve is drawn.

M;—-M,_,
Si(g/s) = — 2
where i=1,2,3..., Mi is the quality of SAP, after the ith
water absorption and r=30s.

Model Test

To verify the material’s ability to block wide karst chan-
nels, we designed the experimental device shown in Fig. 2.
The device consisted of four systems: water-supply, grout-
ing, karst-channel simulation, and slurry storage. To provide
a continuous large supply of flowing water, a tank with a
volume greater than 100 m® was built. A screw air compres-
sor provided stable water pressure for the tank. The grout-
ing system included a mixing barrel and a grout pump. The
slurry was heated in the mixing barrel before grouting to
give it suitable viscosity. To simplify the test conditions,
the karst channel was simulated with a long, straight form.
To facilitate disassembly and cleaning, a modular design
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Fig.1 SAP chemical formula and water absorption process

Table 1 Viscosity test of slurry under the influence of different ratios
and temperatures

SAP particle size SAP: Glycerol Temperature / °C
> 100 mesh 1:2/1:3/1:4/1:5 25/35/45
50-100 mesh 1:2/1:3/1:4/1:5 25/35/45
30-50 mesh 1:2/1:3/1:4/1:5 25/35/45

The mesh refers to the particle size of the material.

with a module every 5 m and a total length of 35 m was
adopted. The channel had an inner width of 400 mm and
an inner height of 250 mm. To facilitate direct observation
of the blocking effect, a transparent acrylic board was used
as the upper roof of the karst channel. The slurry storage
system was located at one end, and there were three layers
of filter screens at the water outlet of the tank. The meshes
were 30-50 mesh, 50-100 mesh, and more than 100 mesh.
The filtered water was discharged into the sewage-treatment
channel.

The model test operation steps are shown in Fig. 3.
First, water was injected into the simulated karst channel
through the water-supply system to detect the tightness of
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the channel connection. The configuration slurry (SAP: car-
rying fluid = 1:3) was stirred evenly, and the water supply
was turned on. The flow rate was then monitored, the grout
pump was turned on after the flow stabilised, and the grout-
ing pressure was set to a predetermined value. Grouting then
started. After the slurry was completely injected into the
karst channel simulation device, the grouting was stopped,
the blocking effect was recorded, and the water pressure and
flow rate were collected. The platform was cleaned after
the test.

Results and Discussion

Physical Properties of the Slurry

SAP Slurry Viscosity

Viscosity had a significant effect on the stability of the slurry
during pumping. To obtain a suitable slurry mixing ratio
and guide the grouting pressure at the construction site,

the change in slurry viscosity under different variables was
studied. As shown in Fig. 4, temperature, SAP particle size,
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Configuration slurry Grouting

Fig.3 Experimental process

and glycerol content had significant effects on viscosity. The
general trend is that the viscosity gradually decreases with
increases in glycerol or temperature. As long as the slurry
can be pumped consistently, increasing the SAP content in
the slurry reduces the cost. When the SAP: glycerol was
0.5 (particle size > 100 mesh) at 25 °C, the viscosity was
the highest (6779 mPa-s). When the SAP: glycerol was
five, the viscosity was the least (2006 mPa-s); that is, when
the glycerol content was increased by 500%, the viscosity
decreased by 70.4%. When the SAP: glycerol was main-
tained at 0.5, the temperature was increased to 45 °C, and
the viscosity decreased by 60.1%. Therefore, it was more

Gushing water  Slurry expansion

economical to control the viscosity of the slurry by increas-
ing the temperature.

From the comparison, it can be seen that the SAP particle
size affected the viscosity. When other conditions were the
same, the larger the particle size, the lower the viscosity of
the slurry. However, when the viscosity was low, the parti-
cles were prone to segregation.

Figure 5a shows the precipitation when the mixing ratio
was SAP: glycerol =1:3, after standing for 10 min. This
would undoubtedly increase the difficulty of grout trans-
portation and damage the grouting equipment. To rea-
sonably guide the selection of grouting parameters at the
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Fig.5 Precipitation rate of SAP slurry: (a) slurry segregation phenomenon; (b), (c) and (d) are, respectively, the precipitation rate of SAP slurry

having different particle sizes at 25, 35 and 45 °C

construction site, the influence of particle size and temper-
ature on the settlement velocity was studied, as shown in
Fig. 5b, ¢, d. The larger the particle size and the higher the
temperature, the easier the particles settled. When the SAP

@ Springer

particle size exceeded 100 mesh at 25 °C, the precipitation
rate reached 0.8% after 10 min. However, it only took 3 min
for the precipitation rate to reach 0.8% at 45 °C, and the pre-
cipitation rate reached 1.8% after 10 min. The precipitation
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rate with 30-50 mesh was as high as 8.6%. Although the
slurry viscosity was low at 45 °C, which is good for pump-
ing, the slurry segregated easily, causing the grouting pump
to jam.

Water Absorption

As expected, SAP has superior water absorption properties.
As shown in Fig. 6a, the expansion ratio was as high as
320. Additionally, the expansion ratio was barely affected by
particle size. However, it can be seen from Fig. 6b that the
particle size affected the expansion rate. The smaller the par-
ticle, the larger the specific surface area, and the faster the
water absorption rate. Conversely, the water absorption rate
was slower. From encountering water to achieve complete
expansion, the expansion time of the SAP > 100 mesh was
half that of the 30-50 mesh. Therefore, we can adjust the
expansion rate according to the engineering requirements.
Chen reported that water quality had regional and tem-
poral characteristics, and water in different places contained
different types and concentrations of ions (Chen et al. 2020,
2021; Jiang et al. 2020; Liu and Li 2019; Medici and West
2021). Karst channels are eroded by the perennial erosion
of inrush water, and their Ca-, Mg- and Na-ion content are
high. In this study, based on the water characteristics of the
karst area, the expansion ratio of the SAP under different ion
concentrations was studied, as shown in Fig. 6¢. The results
show that different solutions had different effects on the
expansion ratio of the SAP. When the Na* concentration was
5%, the expansion ratio decreased by 88%, because, when
the concentration of the external solution increased, the
osmotic pressure between the inside and outside the SAP 3D
cross-linked interpenetrating network was reduced, result-
ing in a decrease of water absorption capacity. Figure 6¢
also shows that different ion species also had a significant
effect on the expansion ratio. At the same ion concentra-
tion, the influence of Ca®* was higher than that of Mg?* and

Na*. Based on the above analysis, regional water will affect
the expansion performance of the SAP slurry. Therefore,
before grouting, investigation and analysis of groundwater
is indispensable.

Model Test Results
Flow Changes

A SAP: Glycerin ratio of 1:3 was selected to prepare the
slurry (SAP > 100 mesh, the total mass of slurry was 300 kg,
slurry temperature =45 °C). The flow change in the channel
is shown in Fig. 7. The flow curve is a parabola opening
downward. It took =~ 43 s from the beginning of grouting
to the realisation of water plugging. After the grouting was
complete, we weighed the remaining slurry; it was 83 kg,
which means that 217 kg of grout was used. The model
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Fig. 7 Flow rate of karst channel
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test strongly verified that the SAP slurry could block a
water inrush. It can be observed from Fig. 8 that the initial
flow rate was 100 L/s, and the flow velocity in the chan-
nel dropped to 70 L/s at 30 s. Thus, the flow rate was only
reduced by 30%. The flow rate changed slowly during the
first 30 s, which may be because the SAP and water were
not fully mixed during the initial stages of slurry injection,
and only the SAP carried by the outer slurry could expand.

Analysis of the SAP Slurry Transport Process

After the slurry was injected into the pipe, it moved forward
under the action of water flow, and the volume began to
expand. Because the density of the slurry was greater than
that of water, the slurry sank to the bottom of the karst chan-
nel, so there was a process of expansion from bottom to top,
as shown in Fig. 8. Newly injected slurry is considered a
solid-liquid two-phase flow. Current research is divided into
three main models according to the distribution form of the
medium: discrete (Bakke et al. 2018; Bouchafra et al. 2018;
Gu et al. 2018), granular-fluid (Kranz et al. 2018; Tu et al.
2019), and continuous-medium (Xu et al. 2022; Mohama-
dian et al. 2020; Song et al. 2020). When the slurry was
injected into the channel, it is a continuous liquid phase,
which can be considered a viscous, incompressible, and
uniform liquid, and the slurry is regarded as a continuous
flowing medium.

As the slurry was rapidly mixed with water, the particles
separated from the carrier fluid or the carrier fluid gradually
dissolved in the water, so that the contact area of the parti-
cles with water gradually increased, the particles gradually
expanded, and the expansion rate gradually increased. At

that time, the two-phase flow problem gradually changed to
an interaction between the diluted SAP slurry and water in
the channel (Fig. 8). The motion form of the slurry trans-
formed from the continuum model to the granular fluid
model.

Finally, as the carrier fluid dissolved, the particles were
completely exposed to water and the flow form of the par-
ticles was converted from a two-phase flow to a discrete
unit model. Due to the continuous expansion of SAP in the
groundwater environment, the volume of the solid phase in
the slurry continued to increase, resulting in a continuous
increase in the viscosity of the fluid. Therefore, to under-
stand the migration of the SAP slurry in a groundwater envi-
ronment, we needed to study the change in viscosity with
the expansion ratio, solid particle shape, relative density
between SAP and water, chemical properties, and elastic
modulus.

The percentage of SAP-retained thickness is the most
direct manifestation of the channel-plugging effect. The con-
tinuous deposition of SAPs increased the shear resistance
and improved the resistance to dynamic water erosion. Dur-
ing slurry transportation, due to the expansion of SAP and
the increase in grouting volume, the SAP gradually silted up
the karst channel until it was completely blocked.

Engineering Application
Project Overview and Grouting Process

The China Resources Cement Plant is located in Pingnan
County, Guangxi Autonomous Region, and the surface water

>

Continuum model

Gushing water

SAP slurry migration and water blocking process

Fig. 8 Polymer particle migration process
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system in the mining area is relatively developed. It is sur-
rounded by rivers on three sides, with the Xunjiang River in
the south, the Qinchuan River in the east, and a tributary of
the Qinchuan River in the north (Fig. 9). The current mining
depth is 20 m.

The SAP slurry was used to cut off the water outlet on
the cliff wall where shallow bedrock caves and dissolution
fissures were developed. At the same time, due to the hori-
zontal cross bedding and fault fracture zone, the inrush water
presents the characteristics of both point and scattered distri-
bution. Ordinary cement-based grouting material has been
tried and it cannot effectively block the channel, and slurry
leakage becomes serious. The total water output from the
cliff wall was = 8300 m>/d as of 1 Dec. 2018. Due to the
horizontal bedding, there was a strong hydraulic connection.

Downward-segmented grouting was adopted. SAP
slurry was used to block the water diversion channel of
the target formation, and ordinary Portland cement slurry
was added (Fig. 10). The water: cement ratio of the slurry
was 0.9:1. The specific test process was as follows:

(1) The hydraulic connection test used the mud pump to
transport the dye water. It was used to check the sealing
effect of the orifice pipe and push the fillings into the
cracks beyond the grouting range to ensure the filling of
the slurry and improve the bonding strength, and to deter-
mine the hydraulic connection between the borehole and
water outlet point. The hydraulic connection test showed
that the distance between the borehole and the water out-

Hydrz.mllc connectivity SAP
experiment

slurry configuration

Fig. 10 The field-test process

Inject SAP slurry Inject cement slurry
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let was = 92 m, and the hydraulic connection time was
30-35 min.

(2) Holes were washed to prevent the grouting nozzle
form clogging. Because SAP is inert to liquid paraffin,
liquid paraffin was used to drain the water in the grout-
ing hole to provide a protective environment for SAP
injection. During construction, 125 kg of paraffin liquid
was injected to clean the grouting hole and displace the
groundwater.

(3) The first stage of grouting was conducted. To cause
the material to enter deep into the formation after being
injected into the channel, an SAP with a slower expan-
sion rate of 30—50 mesh was selected. 150 kg of 30-50
mesh SAP and 300 kg of glycerine were stirred evenly
and heated to 45 °C to create a slurry with a uniform
suspension and good injectability. The initial grouting
pressure was 1.8 MPa and the rate was 106 L/min. The
grouting pressure after the first stage was 2.0 MPa. After
grouting was finished, the holes were washed with paraf-
fin wax to ensure that the grouting holes were not blocked
and to prepare for the second stage of grouting.

(4) The second stage of grouting was performed. To
ensure the continuity of the grouting process, the sec-
ond stage grouting slurry included 75 kg of 50-100 mesh
SAP, 75 kg of > 100 mesh SAP, and 300 kg of glycerol;
the temperature was set to 35 °C. This mixing ratio com-
prises SAPs of different particle sizes to further achieve a
dense gradation state after expansion. The initial grouting
pressure was 2.3 MPa, and the amount of grout injected
was 116 L/min. The grouting process was smooth and the
pressure continuously increased. The grouting pressure
reached 3.5 MPa by the end of grouting.

(5) Portland cement reinforcement grouting was applied.
Following the second stage of grouting, the Portland
cement was injected, and the grouting pressure was
maintained at 3.8 MPa. The grouting was finished after
15 min.

Results and Analysis

After the SAP slurry was injected, the drain hole and the
water-outlet point of the cantilever clearly experienced less
water (Fig. 11). The results showed that the SAP slurry
injected into the formation effectively remained in the water
channel after expansion, reducing the flow of groundwater
in the karst channel.

Analysis of Environmental Benefits
The karst channel was connected to the karst structures

such as karst caves with large static reserves and sufficient
replenishment. The associated karst structures are mostly

@ Springer

connected by channels, which play a role in water storage
and flow. Therefore, drainage technology is often used to
ameliorate water inrush disasters in karst areas, to reduce
the water flow rate and strengthen the ground. This often
lowers the water level in karst areas, causing changes in
ground stress, uneven ground settlement, cracks in sur-
rounding buildings, and reduced service life. In addition,
the hydrological and ecological environment is fragile in
karst areas. Where karst water is the main source of local
industrial and agricultural production water and residential
water, random drainage will destroy the original groundwa-
ter balance and cause the groundwater circulation system to
become unstable. The massive discharge of gushing water
can cause serious ecological and social problems. During
the treatment process, special attention should be given to
avoid pollution and harm to the groundwater ecological
environment, by selecting environmentally friendly grout
materials. The treatment method proposed in this study can
block water inrush in karst areas without draining the water,
ensuring normal construction. The SAP slurry transformed
the dynamic karst water to static. Then, a common-cement-
slurry was injected after the plugging body; the subsequent
cement slurry supplemented the strength of the temporary
plugging body. Therefore, SAP grouting material has the
potential to greatly aid underground engineering, with asso-
ciated social benefits.

Summary and Conclusion

This paper studied the feasibility of using an SAP slurry to
seal karst water inrush. A synthetic method for preparing the
acrylic SAP was provided. The effect of ion content and type
in water on the expansion performance of the material was
studied. With an increase of ion concentration, the expansion
ratio of the SAP gradually decreased. Additionally, the type
of ions also affected the expansion ratio. The degree of influ-
ence was CaCl,>MgCl, > NaCl. The particle size of the
SAP also affected the expansion rate. The larger the particle
size, the slower the expansion rate. These results provide a
reference for guiding engineering design and construction.
In future research, salt-tolerant SAP needs to be developed
to suit karst water quality.

Glycerol was chosen as the carrier fluid for the SAP. The
effects of slurry viscosity on SAP particle size, slurry tem-
perature, and glycerol content were studied. With an increase
in SAP particle size and temperature, the viscosity of the
slurry gradually decreased, but the segregation rate of the
slurry increased. To ensure that the slurry had good pump-
ing stability, different proportions and temperatures can be
selected according to different grouting requirements. In
future research, a carrier fluid that can bond SAP together
needs to be developed to improve erosion resistance.
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Fig. 11 Comparison of water inrush before and after grouting

A channel karst water inrush simulation device was
built to verify the plugging ability of SAP slurry. The
channel was 400 mm wide and 250 mm high. We chose
an SAP: glycerol ratio of 1:3. The slurry temperature was
45 °C, the grouting volume was 217 kg, and we success-
fully plugged 0.1 m*/s of gushing water. This demonstrated
the superior water-blocking effect of the SAP slurry. Then,
the SAP slurry was successfully used to control the water
inrush at the Guangxi Pingnan Huarun limestone mine. A
30-50 mesh SAP was first injected to increase the spread-
ing distance of the slurry, followed by 50-100 mesh
and > 100 mesh SAP. After blocking, ordinary Portland
cement slurry was added. The field-test effect was remark-
ably effective, and the cliff water was successfully blocked.
This case provides a reference for further application of
SAP slurries.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10230-023-00941-7.
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After grouting
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