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ABSTRACT

Floor grouting renovation is widely applied in coal mining to control water inrush and enhance the stability 
of the floor strata. However, its impacts extend beyond engineering performance, significantly influencing the 
hydrogeological and geochemical characteristics of aquifer systems. This review provides a comprehensive synthesis of 
current knowledge on the mechanisms, processes, and environmental implications of floor grouting in mining regions. 
It examines how grouting modifies aquifer permeability, porosity, groundwater flow patterns, and pressure regimes, 
as well as its effects on groundwater chemistry, including pH, major ions, and trace elements. Particular emphasis is 
placed on the coupled hydrogeological–geochemical processes that govern system evolution, highlighting the feedback 
mechanisms between physical and chemical changes. The review also addresses the long-term behavior of grouted 
aquifers, including the stability of sealing effects and potential delayed impacts on groundwater quality. Environmental 
implications, such as effects on regional water resources and ecosystems, are critically evaluated. Despite significant 
progress, existing studies often lack cross-disciplinary integration and long-term perspectives. This review identifies key 
research gaps and proposes future directions, including the development of eco-friendly materials, advanced monitoring 
techniques, and coupled modeling approaches. The findings contribute to a more holistic understanding of grouting-
induced changes and provide guidance for sustainable and safe coal mining practices.
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1.	 Introduction
Coal remains a dominant primary energy source in 

many countries, and its large-scale extraction has inevita-
bly led to increasingly complex hydrogeological challeng-
es [1]. Among these, groundwater inrush and aquifer dis-
turbance are among the most critical threats to both mine 
safety and regional water resources [2]. In deep coal mining 
environments, the floor strata underlying coal seams often 
act as a barrier separating confined aquifers from mining 

operations. However, due to tectonic activity, lithological 

heterogeneity, and mining-induced stress redistribution, 

these floor strata are frequently fractured or weakened, 

creating potential pathways for high-pressure groundwater 

to enter mine workings. A conceptual representation of this 

hydrogeological setting and the role of floor grouting is 

illustrated in Figure 1. Such water inrush events not only 

endanger personnel and equipment but also disrupt pro-

duction and cause long-term ecological damage.

Figure 1. Conceptual diagram of coal mine floor strata showing groundwater inrush pathways and the role of floor grouting in modi-
fying hydraulic connectivity.

To mitigate these risks, floor grouting renovation has 
become a widely adopted engineering measure in modern 
coal mining [3,4]. This technique involves injecting grout 
materials into the fractured or permeable zones of the mine 
floor to reinforce the rock mass, reduce permeability, and 
enhance the integrity of aquicludes. Over the past decades, 
significant progress has been made in the development of 
grouting materials, injection technologies, and evaluation 
methods. As a result, floor grouting has proven effective in 
reducing water inrush hazards and improving the mechan-
ical stability of mining environments. Nevertheless, while 

the engineering performance of grouting has been exten-
sively studied, its broader impacts on aquifer systems—
particularly from hydrogeological and geochemical per-
spectives—remain insufficiently understood.

From a hydrogeological standpoint, floor grouting 
renovation alters the physical properties of the subsurface 
environment in multiple ways. The injection of grout mod-
ifies pore structures, seals fractures, and changes the per-
meability and hydraulic conductivity of the treated zones [5]. 
These changes can significantly influence groundwater flow 
regimes, pressure distributions, and hydraulic connectivity 
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tivities continue to increase. This raises important questions 
regarding the long-term sustainability of such interventions, 
particularly in regions where groundwater resources are 
scarce or serve as critical sources of drinking water and ag-
ricultural supply. Understanding how grouting affects aqui-
fer systems is therefore essential not only to ensure mining 
safety but also to protect regional water environments and 
achieve sustainable resource development [9,10].

Against this background, the present review aims 
to provide a comprehensive and integrated analysis of the 
impacts of coal mine floor grouting renovation on the hy-
drogeological and geochemical characteristics of aquifers 
in the mining area. Unlike previous studies that primarily 
emphasize engineering effectiveness or short-term hydro-
geological responses, this review highlights the coupled 
processes governing aquifer evolution following grouting 
interventions. It systematically synthesizes existing knowl-
edge on how grouting modifies aquifer structure, ground-
water flow, and chemical composition, and it critically 
evaluates the interactions between these processes [11].

Despite extensive research on floor grouting renova-
tion, three critical knowledge gaps persist in the existing 
literature. First, most studies focus on either hydrogeo-
logical or geochemical impacts in isolation, neglecting 
the coupled feedback mechanisms between physical and 
chemical changes. Second, the long‑term evolution of 
grouted aquifer systems—beyond immediate post‑grouting 
effects—remains poorly constrained. Third, a systematic 
synthesis linking grouting strategies to both engineering 
performance and environmental outcomes is lacking.

To address these gaps, the present review provides 
a comprehensive and integrated analysis of the impacts of 
coal mine floor grouting renovation on aquifer systems. 
The novelty of this review is threefold. It adopts a cou-
pled‑process perspective that explicitly examines bidirec-
tional interactions between permeability changes and geo-
chemical reactions, rather than treating the two domains 
separately. It incorporates a temporal dimension that dis-
tinguishes immediate, short‑term, and long‑term effects, 
including delayed responses such as pressure buildup and 
grout degradation. It also integrates multi‑scale evidence 
from laboratory experiments, field observations, and nu-
merical modeling to provide a cross‑scale understanding 
from pore‑level reactions to aquifer‑scale flow redistribu-

between aquifers and mining voids. In some cases, grouting 
may effectively isolate aquifers and reduce water inflow; in 
others, it may redirect flow paths or induce pressure buildup 
in adjacent zones, potentially leading to unintended conse-
quences. Despite the growing body of case studies, there 
remains a lack of systematic synthesis of how different 
grouting strategies influence aquifer behavior under varying 
geological conditions.

Equally important, but far less explored, are the geo-
chemical impacts of floor grouting renovation. Grouting 
materials ranging from traditional cement-based slurries 
to modern chemical and composite formulations introduce 
new reactive substances into the subsurface environment [6,7]. 
These materials can interact with groundwater and host rocks, 
triggering a series of geochemical processes, including disso-
lution, precipitation, ion exchange, and redox reactions. Such 
interactions may alter groundwater composition, including 
pH, major-ion concentrations, and trace-element mobility. 
Under certain conditions, the introduction of alkaline grout 
materials may increase pH and promote mineral precipitation, 
whereas under others, it may mobilize potentially harmful el-
ements. Moreover, the long-term evolution of these geochem-
ical processes remains poorly constrained, raising concerns 
about potential impacts on groundwater quality and ecosys-
tem health.

The complexity of these processes is further ampli-
fied by the strong coupling between hydrogeological and 
geochemical dynamics. Changes in permeability and flow 
paths induced by grouting can influence solute transport 
and reaction rates, while geochemical reactions may, in 
turn, modify pore structures and hydraulic properties [8]. 
For example, mineral precipitation within fractures can 
enhance sealing effects, whereas dissolution processes 
may reopen previously sealed pathways. This bidirectional 
feedback highlights the need for an integrated perspective 
that accounts for both physical and chemical processes. 
However, most existing studies tend to focus on either hy-
drogeological or geochemical aspects in isolation, result-
ing in a fragmented understanding of the overall system 
response.

In addition to scientific challenges, there are pressing 
practical and environmental considerations. As coal min-
ing operations extend to greater depths and more complex 
geological settings, the scale and intensity of grouting ac-
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controlled by a combination of hydro-mechanical factors, 
including injection pressure, rock permeability, fracture 
aperture, and in situ stress conditions. In low-permeability 
media, grout tends to propagate along pre-existing frac-
tures or weak planes, often forming anisotropic diffusion 
patterns. Conversely, in highly fractured zones, grout may 
exhibit more complex flow behavior, including branch-
ing and preferential channeling. The interplay between 
grout rheology and the hydrogeological properties of the 
host rock is therefore critical in determining the spatial 
distribution and effectiveness of the treatment [15]. From 
a hydrogeological perspective, the primary objective of 
floor grouting is to disrupt hydraulic connectivity between 
aquifers and mining voids. This is achieved by reducing 
the transmissivity of the floor strata and increasing the ef-
fective thickness of the aquiclude. However, this process 
is not merely a passive sealing operation. The injection of 
grout can induce stress redistribution within the rock mass, 
potentially leading to fracture closure in some regions and 
fracture propagation in others. Such dual effects highlight 
the need for a nuanced understanding of the coupled hy-
dro-mechanical processes involved [16].

2.2.	Grouting Materials and Their Properties
The selection of grouting materials plays a pivotal 

role in determining both the engineering performance and 
environmental impact of floor grouting renovation. Tradi-
tionally, cement-based grouts have been the most widely 
used due to their availability, cost-effectiveness, and rela-
tively straightforward handling. These materials typically 
consist of Portland cement mixed with water and various 
additives to control setting time, viscosity, and strength 
development. While effective in filling larger fractures and 
voids, their relatively high viscosity can limit penetration 
into fine fissures, thereby reducing their sealing efficiency 
in low-permeability formations [17].

To address these limitations, chemical grouts have 
been developed, including silicate-based, polymer-based, 
and resin-based formulations. These materials are charac-
terized by lower viscosity and better injectability, allowing 
them to penetrate finer pore spaces and microfractures [18]. 
However, their application is often constrained by higher 
costs, potential toxicity, and sensitivity to environmental 
conditions such as temperature and pH. Composite grout-

tion. The findings are intended to guide more sustainable 
grouting practices, inform environmental risk assessments, 
and support regulatory decision‑making for coal mining 
operations in water‑sensitive regions.

The novelty of this review lies in three key aspects. 
First, it bridges the gap between hydrogeological and geo-
chemical perspectives by examining their coupled mecha-
nisms, rather than treating them as independent domains [12]. 
Second, it emphasizes the temporal dimension of grouting 
impacts, considering not only immediate effects but also 
long-term evolution and potential delayed responses in 
aquifer systems [11]. Third, it integrates insights from lab-
oratory experiments, field observations, and numerical 
modeling to provide a multi-scale understanding of grout-
ing-induced changes [13]. By doing so, the review offers a 
more holistic framework for evaluating the effectiveness 
and environmental implications of floor grouting renova-
tion.

Ultimately, this work seeks to advance the scientific 
understanding of subsurface processes associated with coal 
mining and to inform the development of more sustain-
able and environmentally responsible grouting practices. 
The findings are expected to be of interest to researchers 
and practitioners in hydrogeology, geochemistry, mining 
engineering, and environmental science, and to serve as a 
valuable reference for future studies and engineering appli-
cations.

2.	 Mechanisms and Technologies of 
Floor Grouting Renovation

2.1.	Fundamental Mechanisms of Floor Grout-
ing in Coal Mines
Floor grouting renovation is fundamentally a process 

of modifying the physical structure and hydraulic behavior 
of the coal seam floor to enhance its resistance to ground-
water inflow [14]. At its core, the technique involves inject-
ing fluid or semi-fluid materials into fractured or porous 
rock masses, where they subsequently diffuse, penetrate, 
and solidify. This process leads to the filling of voids, 
sealing of fractures, and bonding of loose particles, there-
by reducing permeability and increasing the mechanical 
strength of the treated strata.

The governing mechanisms of grout migration are 
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ing systems, which combine cementitious and chemical 
components, have emerged as a promising alternative, 
offering a balance between penetration capability and me-
chanical strength.

Despite these advancements, the long-term sta-
bility of grouting materials remains a critical concern. 
Cement-based grouts may undergo chemical alteration 
when exposed to groundwater, leading to processes such 
as leaching, carbonation, or sulfate attack [19]. Similarly, 

certain chemical grouts may degrade over time or release 

secondary contaminants into groundwater [20]. These issues 

underscore the importance of considering not only the im-

mediate engineering requirements but also the long-term 

geochemical compatibility between grout materials and 

the surrounding environment. The main types of grouting 

materials, along with their properties, advantages, and en-

vironmental considerations, are summarized in Table 1.

Table 1. Summary of commonly used grouting materials, their properties, engineering performance, and environmental consider-
ations.
Grouting Material 
Type Main Components Main Properties Advantages Limitations Environmental 

Considerations

Cement-based grout Portland cement, 
water, additives

High strength, high 
viscosity

Cost-effective, wide-
ly available

Limited penetration 
in fine fractures

May increase pH, 
potential leaching

Chemical grout (sili-
cate)

Sodium silicate, 
reactants

Low viscosity, fast 
setting

Good injectability, 
deep penetration

Lower strength, sen-
sitive to conditions

Possible groundwater 
contamination

Polymer grout Acrylics, polyure-
thane

Adjustable viscosity, 
flexible

High sealing efficien-
cy

Expensive, complex 
handling

Potential toxicity 
concerns

Composite grout Cement + chemical 
additives Balanced properties Improved penetration 

and strength Design complexity Depends on formula-
tion

Eco-friendly grout Modified cement, 
bio-based additives

Reduced chemical 
impact

Environmentally 
safer

Limited field valida-
tion

Lower ecological 
risk

2.3.	Grouting Techniques and Engineering Im-
plementation
The effectiveness of floor grouting renovation de-

pends heavily on the techniques used during implemen-
tation. Grouting operations typically involve drilling 
boreholes into the target strata, followed by the controlled 
injection of grout under specified pressure and flow condi-
tions. The design of the borehole layout, including spacing, 
depth, and orientation, is crucial for achieving adequate 
coverage and ensuring uniform treatment [21].

Pressure control is a key parameter in grouting op-
erations. Insufficient pressure may result in limited grout 
penetration, while excessive pressure can induce hydraulic 
fracturing, potentially creating new pathways for ground-
water flow [22]. The optimal pressure range is therefore 
site-specific and must be carefully determined based on 
geological conditions and grout properties. In recent years, 
the use of staged or segmented grouting techniques has 
gained attention, allowing for more precise control over 
grout distribution and reducing the risk of over-injection. 
Advancements in monitoring and control technologies 
have also enhanced the effectiveness of grouting opera-
tions. Real-time monitoring of injection pressure, flow 

rate, and grout volume provides valuable feedback for ad-
justing operational parameters. Geophysical methods, such 
as electrical resistivity tomography and acoustic emission 
monitoring, have been increasingly used to track grout 
diffusion and assess the extent of treated zones. These 
techniques contribute to a more informed and adaptive ap-
proach to grouting, reducing uncertainties and improving 
overall performance.

Nevertheless, significant challenges remain in the 
practical implementation of grouting technologies. Geo-
logical heterogeneity, including variations in lithology, 
fracture density, and stress conditions, can lead to uneven 
grout distribution and unpredictable outcomes [15]. In ad-
dition, the scale of mining operations often necessitates 
large volumes of grout, raising logistical and economic 
concerns. These challenges highlight the need for more so-
phisticated design methodologies that integrate geological 
characterization with engineering optimization.

2.4.	Evaluation and Optimization of Grouting 
Effectiveness
Assessing the effectiveness of floor grouting renova-

tion is essential for both ensuring mine safety and guiding 
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with innovative materials, precise engineering techniques, 
and robust evaluation frameworks. Only through such mul-
tidisciplinary efforts can the full potential of floor grouting 
renovation be realized in addressing the hydrogeological 
challenges of modern coal mining [11].

3.	 Impact on Hydrogeological Char-
acteristics of Aquifers

3.1.	Modification of Aquifer Permeability and 
Porosity
Floor grouting renovation fundamentally alters the in-

trinsic hydraulic properties of aquifer systems, particularly 
permeability and porosity, which govern groundwater stor-
age and flow behavior [11]. The injection of grout into the 
fractured floor strata leads to the partial or complete filling 
of void spaces, effectively reducing the interconnected pore 
network. This process is especially pronounced in fractured 
aquifers where permeability is dominated by fracture aper-
tures rather than matrix porosity. By sealing these preferen-
tial pathways, grouting can significantly decrease hydraulic 
conductivity and enhance the integrity of aquicludes sepa-
rating mining zones from underlying aquifers.

However, permeability modification is rarely uni-
form. Due to geological heterogeneity, grout distribution 
tends to be spatially variable, resulting in anisotropic hy-
draulic properties after treatment. In zones where fractures 
are well-connected and accessible, permeability reduc-
tion may be substantial, whereas in poorly connected or 
low-permeability zones, grout penetration may be limited. 
This uneven alteration can create residual high-permea-
bility channels, which may continue to act as conduits for 
groundwater flow. Consequently, the overall effectiveness 
of grouting in reducing aquifer permeability depends not 
only on the volume of grout injected but also on the degree 
of connectivity within the fracture network [15].

Porosity changes induced by grouting are similarly 
complex. While primary porosity is reduced through void 
filling, secondary porosity may evolve due to stress redis-
tribution and geochemical reactions. For instance, grout 
injection can induce compaction or closure of microfrac-
tures under increased stress, further decreasing porosity. 
Conversely, in some cases, hydraulic fracturing caused by 
excessive injection pressure may generate new void spac-

future operations. Traditional evaluation methods primar-
ily rely on indirect indicators, such as reductions in water 
inflow rates, changes in hydraulic pressure, and improve-
ments in rock strength [21]. While these metrics provide 
useful information, they often lack spatial resolution and 
may not fully capture the complexity of subsurface pro-
cesses.

More advanced evaluation approaches have been de-
veloped to address these limitations. Hydraulic testing, in-
cluding packer tests and pumping tests, can provide quan-
titative estimates of permeability changes before and after 
grouting [23]. Tracer experiments offer insights into flow 
paths and connectivity, enabling a more detailed under-
standing of how grouting alters groundwater movement. In 
addition, numerical modeling has become an increasingly 
important tool for simulating grout diffusion and predict-
ing its impact on hydrogeological systems.

A critical issue in evaluating grouting effectiveness 
is the distinction between short-term and long-term perfor-
mance [6]. Immediately after grouting, permeability reduc-
tions may appear significant; however, these effects can 
diminish over time due to mechanical relaxation, chemical 
alteration, or the development of new fractures. Long-term 
monitoring is therefore essential for assessing the durabil-
ity of grouting interventions. Despite this, many existing 
studies are limited to short observation periods, resulting 
in an incomplete understanding of the temporal evolution 
of treated systems.

Optimization of grouting strategies requires a com-
prehensive approach that integrates material selection, in-
jection design, and performance evaluation. Increasingly, 
researchers are exploring the use of coupled hydro-me-
chanical and geochemical models to simulate the complex 
interactions involved in grouting processes. Such models 
have the potential to improve predictive capabilities and 
support more efficient and environmentally sustainable 
practices. However, their application remains constrained 
by uncertainties in parameter estimation and the difficulty 
of validating model results against field data [24].

In summary, while significant progress has been 
made in the development of floor grouting technologies, 
there remains a need for more integrated and systematic 
approaches. Future advancements will likely depend on 
the ability to combine detailed geological characterization 
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and post-treatment changes.

3.3.	Influence on Aquifer Pressure Regimes 
and Water Inrush Risk
Aquifer pressure is a critical parameter in assessing 

the risk of groundwater inrush in coal mining operations [2]. 
Floor grouting directly influences pressure regimes by al-
tering the transmissivity and storage properties of the aqui-
fer system. By reducing permeability, grouting can limit 
the transmission of hydraulic pressure to mining voids, 
thereby lowering the likelihood of sudden water inflow. 
This pressure attenuation effect is often considered a pri-
mary indicator of grouting success.

However, the relationship between grouting and pres-
sure dynamics is not always straightforward. In confined 
aquifers, the reduction of permeability may lead to pressure 
buildup upstream of the treated zone. If this pressure is not 
adequately relieved, it can increase the potential for hydrau-
lic failure in adjacent or untreated areas. Such pressure ac-
cumulation may also reactivate dormant fractures or faults, 
creating new risk pathways for water inrush [27].

Temporal variations in pressure further complicate 
the assessment. Immediately after grouting, pressure levels 
may decrease due to reduced flow to the mining area. Over 
time, however, pressure may gradually recover or even 
exceed pre-grouting levels as the aquifer system adjusts 
to the new hydraulic conditions [11]. This delayed response 
highlights the importance of long-term monitoring in eval-
uating the effectiveness and safety of grouting interven-
tions. Moreover, the interaction between mining-induced 
stress changes and grouting effects can influence pressure 
distribution. Excavation activities often lead to stress re-
distribution, which may either enhance or counteract the 
effects of grouting. For example, stress concentration near 
the mining face may cause fracture closure, complement-
ing the sealing effect of grout [28]. Conversely, stress relief 
in certain zones may promote fracture opening, undermin-
ing the stability of the grouted barrier. Understanding these 
coupled processes is essential for accurately predicting wa-
ter inrush risk.

3.4.	Evolution of Fracture Networks and Seal-
ing Performance
Fracture networks play a dominant role in con-

trolling groundwater movement in many coal-bearing 

es, temporarily increasing porosity and potentially offset-
ting the intended sealing effect. These competing processes 
highlight the dynamic nature of aquifer property modifica-
tion during and after grouting [25].

3.2.	Alterations in Groundwater Flow Patterns 
and Hydraulic Connectivity
One of the most significant hydrogeological impacts 

of floor grouting is the alteration of groundwater flow re-
gimes [14]. Reducing permeability in targeted grouting dis-
rupts existing flow paths and modifies the spatial distribu-
tion of hydraulic gradients. This can lead to a redistribution 
of groundwater flow, often diverting it away from mining 
zones and thereby reducing the risk of water inflow. In ide-
al scenarios, grouting creates an effective hydraulic barrier 
that isolates the mining area from high-pressure aquifers.

Nevertheless, the reconfiguration of flow patterns 
can produce unintended consequences. When flow paths 
are obstructed, groundwater may seek alternative routes, 
potentially activate previously inactive flow regions, or 
enhance flow through adjacent strata. This redirection can 
increase hydraulic pressure in untreated zones, raising the 
risk of localized water inrush events outside the grouted 
area. Such phenomena are particularly relevant in complex 
geological settings where multiple aquifers and fault sys-
tems interact [26].

Hydraulic connectivity between aquifers is also sig-
nificantly influenced by grouting activities. In many min-
ing regions, vertical or inclined fractures serve as conduits 
linking different aquifer layers. Grouting can reduce or 
eliminate these connections, effectively compartmentaliz-
ing the groundwater system. While this isolation is benefi-
cial for mine safety, it may disrupt natural groundwater cir-
culation and affect regional water balance. In some cases, 
reduced connectivity can lead to groundwater stagnation, 
altering recharge-discharge dynamics and potentially im-
pacting water quality [22].

The extent to which grouting modifies flow pat-
terns depends on several factors, including the scale of 
treatment, the initial hydrogeological conditions, and the 
properties of the injected grout [15]. Despite numerous case 
studies, there remains a lack of generalized frameworks for 
predicting flow redistribution following grouting. This lim-
itation underscores the need for integrated hydrogeological 
modeling that accounts for both pre-existing conditions 
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formations [29]. Floor grouting directly targets these net-
works, aiming to reduce their connectivity and hydraulic 
efficiency. The injection of grout into fractures seals them, 
partially or completely, enhancing the overall imperme-
ability of the rock mass. The effectiveness of this sealing 
process depends on fracture geometry, aperture size, and 
connectivity, as well as the rheological properties of the 
grout. The evolution of fracture networks during grouting 
is influenced by both mechanical and hydraulic factors. In-
jection pressure can induce deformation of fracture walls, 
leading to either closure or propagation. When pressure 
exceeds the rock’s tensile strength, new fractures may 
form, altering the original network structure. These newly 
formed fractures may initially serve as additional pathways 
for grout migration, but they can also become potential 
leakage channels if not fully sealed.

Post-grouting, fracture networks continue to evolve 
under the influence of in situ stress and groundwater fl-
ow [30]. Over time, mechanical relaxation may cause previ-
ously sealed fractures to reopen, particularly in areas under 
cyclic loading or other mining disturbances. Additionally, 
geochemical processes such as mineral precipitation or 
dissolution can modify fracture apertures, either enhancing 
or reducing sealing effectiveness. For instance, the precipi-
tation of secondary minerals within fractures may strength-
en the grout-rock interface, whereas dissolution processes 
may weaken it.

The long-term stability of sealing performance is 
therefore a critical issue [17]. While short-term results often 
indicate significant reductions in permeability, maintaining 
these effects over extended periods remains challenging. 
Field observations have shown that the durability of grout-
ing treatments can vary widely depending on site-specific 
conditions. This variability highlights the need for a better 
understanding of fracture evolution and for the develop-
ment of more resilient grouting materials and techniques.

3.5.	Monitoring and Characterization of Hy-
drogeological Changes
Accurate monitoring and characterization of hydro-

geological changes are essential for evaluating the impact 
of floor grouting on aquifer systems [31]. Traditional mon-

itoring approaches, such as measuring water inflow rates 
and hydraulic heads, provide valuable but limited informa-
tion. These methods often lack the spatial resolution need-
ed to capture subsurface changes in heterogeneity and may 
not fully capture the complexity of flow redistribution.

Advances in monitoring technologies have signifi-
cantly improved the ability to characterize hydrogeological 
responses to grouting. Geophysical methods, including 
electrical resistivity tomography, seismic surveys, and 
ground-penetrating radar, enable non-invasive imaging of 
subsurface structures and grout distribution [32]. These tech-
niques can reveal the extent of treated zones and identify 
areas where grouting may be incomplete or ineffective. 

Hydraulic testing methods, such as packer tests and 
tracer experiments, offer more direct insights into changes 
in permeability and flow paths. Tracer studies, in particu-
lar, are useful for identifying connectivity between aqui-
fers and assessing the effectiveness of sealing feet. When 
combined with numerical modeling, these data can provide 
a comprehensive understanding of aquifer behavior before 
and after grouting.

Despite these advancements, challenges remain in 
integrating diverse data types and interpreting results in 
complex geological settings. Monitoring systems are lim-
ited by practical constraints, including cost, accessibility, 
and the scale of mining operations [33]. Furthermore, many 
studies focus on short-term observations, which limit the 
ability to assess long-term hydrogeological evolution. A 
critical gap in current research is the lack of standardized 
methodologies for monitoring and evaluating grouting 
impacts. The development of integrated monitoring frame-
works that combine multiple techniques and extend over 
longer time scales is essential for improving the reliability 
of assessments. Such approaches would not only enhance 
understanding of hydrogeological changes but also support 
the optimization of grouting strategies and the sustainable 
management of groundwater resources. A summary of the 
major hydrogeological impacts of floor grouting on aquifer 
systems is presented in Table 2.
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Table 2. Summary of hydrogeological changes induced by floor grouting and their associated mechanisms and risks.
Hydrogeological Pa-
rameter Pre-Grouting Condition Post-Grouting Change Mechanism Potential Risks

Permeability High in fractured zones Significant reduction Fracture filling, sealing Uneven distribution, 
residual pathways

Porosity Controlled by fractures and 
matrix

Decrease or localized 
increase

Void filling or induced 
fracturing

Secondary porosity 
formation

Groundwater flow Established natural flow 
paths

Flow redirection or block-
age

Hydraulic barrier forma-
tion

Flow diversion to 
untreated zones

Hydraulic connectivity Connected aquifers Partial or full isolation Sealing of contact path-
ways

Disruption of natural 
recharge

Aquifer pressure Natural or mining-affected Redistribution or buildup Reduced transmissivity Pressure accumula-
tion, failure risk

4.	 Impact on Geochemical Charac-
teristics of Groundwater

4.1.	Changes in Groundwater Chemistry and 
Hydrochemical Facies
Floor grouting renovation introduces substantial per-

turbations to the geochemical equilibrium of aquifer sys-
tems, often leading to measurable changes in groundwater 
chemistry [34]. One of the most immediate effects is the al-
teration of hydrochemical facies, driven by interactions be-
tween injected grout materials and native groundwater [35]. 
Cement-based grouts, which are typically alkaline, can sig-
nificantly increase groundwater pH upon contact, particular-
ly in confined aquifers with limited buffering capacity. This 
shift toward alkaline conditions may subsequently influence 
the solubility and mobility of various ions and minerals.

Changes in major ion composition are commonly 
observed following grouting activities. Elevated concen-
trations of calcium and hydroxide ions are often associated 
with the dissolution of cementitious materials, whereas re-
ductions in bicarbonate levels may result from the precip-
itation of carbonate minerals. In some cases, sulfate con-
centrations may increase due to interactions between grout 
additives and sulfate-bearing minerals in the host rock. 
These chemical changes can lead to a transition in hadro-
chemical facies, for example, from bicarbonate-dominated 
to sulfate- or hydroxide-dominated water types [19].

The extent and persistence of these changes depend 
on several factors, including the volume and composition 
of the injected grout, the residence time of groundwater, 
and the degree of mixing between treated and untreated 
zones [36]. In highly dynamic aquifer systems, dilution and 
natural groundwater flow may mitigate chemical alter-

ations over time. However, in low-permeability or com-
partmentalized systems, chemical anomalies may persist 
for extended periods, potentially affecting groundwater 
usability. Despite numerous case-specific observations, a 
comprehensive understanding of how grouting influences 
hadrochemical facies across different geological settings 
remains limited.

4.2.	Water–Rock–Grout Interactions
The geochemical evolution of groundwater follow-

ing grouting is governed by complex interactions among 
water, rock, and grout materials [20]. These interactions in-
volve a range of processes, including dissolution, precip-
itation, ion exchange, and adsorption, which collectively 
determine the chemical composition of the aquifer system. 
The introduction of grout materials effectively introduces 
a new reactive phase that alters the balance of geochem-
ical reactions. Dissolution of grout components is often 
the initial process following injection. For example, calci-
um hydroxide and other alkaline phases in cement-based 
grouts readily dissolve in groundwater, releasing ions that 
can react with dissolved carbon dioxide to form carbon-
ate minerals. This process not only modifies groundwater 
chemistry but also contributes to the gradual hardening and 
stabilization of the grout. At the same time, the dissolution 
of host rock minerals, such as carbonates or silicates, may 
be enhanced or suppressed depending on changes in pH 
and ionic strength.

Precipitation reactions play a crucial role in the long-
term evolution of the system. The formation of secondary 
minerals, such as calcite, gypsum, or silica phases, can re-
sult from grout–water-induced supersaturation [37]. These 
precipitates may accumulate within pore spaces and frac-
tures, further reducing permeability and reinforcing the 
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sealing effect of grouting. However, excessive precipita-
tion may also lead to clogging of flow pathways, altering 
groundwater movement, and potentially causing localized 
pressure changes.

Ion exchange and adsorption processes add another 
layer of complexity. Clay minerals and other active sur-
faces within the aquifer can exchange cations with the 
surrounding environment, influencing the distribution of 
cations such as sodium, calcium, and magnesium [38]. The 
presence of grout-derived ions may disrupt existing equi-
librium conditions, leading to shifts in exchangeable ion 

compositions. These processes are often reversible and can 

evolve over time as the system approaches a new steady 

state. Overall, water-rock grout interactions are highly 

site-specific and depend on the mineralogical characteris-

tics of both the aquifer and the grout. While laboratory ex-

periments have provided valuable insights into individual 

reactions, scaling these findings to field conditions remains 

challenging due to the inherent heterogeneity of subsurface 

environments. The key water-rock grout interaction path-

ways and associated reactions are illustrated in Figure 2.

Figure 2. Schematic representation of water–rock–grout interactions, including dissolution, precipitation, ion exchange, and their in-
fluence on groundwater chemistry.

4.3.	Influence on pH, Redox Conditions, and 
Mineral Stability
Among the various geochemical parameters affect-

ed by floor grouting, pH and redox conditions are partic-
ularly significant due to their central role in controlling 
mineral stability and element mobility [21]. The injection 
of alkaline grouts typically results in a rapid increase in 
groundwater pH, often exceeding 10 in the immediate vi-
cinity of the treated zone. This high pH environment can 
drastically alter the solubility of minerals and the specia-
tion of dissolved elements. Elevated pH conditions gener-
ally promote the precipitation of carbonate and hydroxide 
minerals, thereby enhancing grouting efficiency by filling 
remaining pore spaces. However, high pH can also desta-

bilize certain minerals, such as aluminosilicates, leading 
to their dissolution and the release of silica and aluminum 
into solution. These processes may have secondary effects 
on groundwater composition and the structural integrity of 
the rock matrix.

Redox conditions may also be affected, although 
the mechanisms are often less direct than those governing 
pH changes. The introduction of grout materials can af-
fect oxygen availability and microbial activity, which play 
important roles in redox processes. For example, reduced 
permeability may limit the amount of oxygenated water, 
leading to more reducing conditions in isolated zones. 
Conversely, certain chemical grouts may contain oxidizing 
agents that temporarily alter redox states [39].
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Changes in redox conditions can significantly affect 
the mobility of redox-sensitive elements such as iron, man-
ganese, and arsenic [40]. Under reducing conditions, these 
elements may become more soluble and mobile, potential-
ly leading to localized contamination. Conversely, oxidiz-
ing conditions may promote their precipitation and immo-
bilization. The interplay between pH and redox conditions 
thus creates a dynamic chemical environment in which 
mineral stability and element transport are continuous-
ly evolving. Understanding these processes is critical for 
predicting the long-term geochemical behavior of aquifer 
systems subjected to grouting. However, the complexity of 
coupled reactions and the influence of site-specific factors 
make it difficult to develop generalized predictive models.

4.4.	Mobilization and Attenuation of Trace El-
ements and Contaminants
The impact of floor grouting on trace elements and 

potential contaminants is a growing concern, particular-
ly in regions where groundwater is a critical resource for 
drinking and agriculture. Grouting activities can influence 
the mobility of trace elements through both direct and in-
direct mechanisms. Directly, grout materials may contain 
trace constituents that are released into groundwater during 
dissolution. Indirectly, changes in pH, redox conditions, 
and ionic strength can alter the solubility and adsorption 
behavior of naturally occurring. For instance, elevated pH 
conditions associated with cement-based grouts may re-

duce the mobility of certain heavy metals by promoting 
their precipitation as hydroxides or carbonates. This can 
be beneficial for immobilizing contaminants. However, 
the same conditions may increase the solubility of other 
elements, such as arsenic or selenium, particularly under 
specific redox states. Similarly, the presence of competing 
ions introduced by grout can displace adsorbed contami-
nants from mineral surfaces, enhancing their transport [19].

Attenuation processes, including adsorption, pre-
cipitation, and dilution, play a key role in controlling the 
spread of contaminants [41]. The formation of secondary 
minerals can sequester trace elements, and while adsorp-
tion onto clay minerals and iron oxides can further reduce 
their mobility. Over time, these processes may lead to the 
stabilization of groundwater quality, even in the presence 
of initial perturbations caused by grouting. Despite these 
natural attenuation mechanisms, considerable uncertain-
ty remains about the long-term fate of trace elements in 
grouted aquifer systems. Most studies focus on short-term 
changes and may not capture delayed release or transfor-
mation processes. Furthermore, the variability in grout 
composition and geological conditions makes it difficult to 
generalize findings across different sites. This highlights 
the need for more comprehensive and long-term investiga-
tions into the geochemical impacts of grouting.

The major geochemical changes associated with 
floor grouting are summarized in Table 3.

Table 3. Summary of geochemical changes in groundwater induced by floor grouting and their controlling processes.
Geochemical Parameter Typical Change after Grouting Driving Process Implications

pH Increase (alkaline conditions) Cement dissolution Mineral precipitation, altered 
solubility

Major ions (Ca2+, OH⁻) Increase Grout-water interaction Change hydrochemical facies
Sulfate (SO₄2−) Variable (increase or decrease) Mineral reactions, additives Potential scaling or corrosion
Trace elements (As, Fe, Mn) Mobilization or immobilization pH/redox changes Water quality risks
Dissolved inorganic carbon changes Carbonation reactions Calcite precipitation
Redox conditions Local shifts Oxygen availability, reactions Element mobility changes

4.5.	Isotopic and Geochemical Tracing Tech-
niques
To better understand the geochemical impacts of 

floor grouting, a range of isotopic and geochemical trac-
ing techniques has been employed. These methods pro-
vide valuable tools for identifying solute sources, tracking 
groundwater movement, and elucidating reaction path-
ways. Stable isotopes of elements such as hydrogen, oxy-

gen, carbon, and sulfur are commonly used to distinguish 
between different water sources and to assess mixing pro-
cesses between grouted and unrouted zones [42].

For example, carbon isotopes can be used to distin-
guish the origin of dissolved inorganic carbon (DIC) from 
grout dissolution versus natural carbonate dissolution [43]. 
Similarly, sulfur isotopes can help identify the sources of 
sulfate, whether derived from grout additives or from the 
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within fractures can further reduce permeability, reinforc-
ing the sealing effect initiated by grouting [5].

Conversely, geochemical processes can significant-
ly influence hydrogeological properties. Dissolution of 
minerals, whether from grout or host rock, may enlarge 
pore spaces or reopen previously sealed fractures, thereby 
increasing permeability. This feedback loop demonstrates 
that the hydrogeological effectiveness of grouting is not 
solely determined at the time of injection but evolves over 
time as geochemical reactions proceed. The interplay be-
tween these processes often results in nonlinear system 
behavior, making prediction and control particularly chal-
lenging [34].

Furthermore, the coupling extends to mechanical 
aspects. Chemical reactions can alter the strength and 
stiffness of the rock–grout matrix, affecting its response 
to in situ stresses. For example, mineral precipitation may 
strengthen fracture fillings, while chemical degradation of 
grout materials may weaken them. These changes can in-
fluence fracture stability and, consequently, groundwater 
flow. The integration of hydrogeological, geochemical, and 
mechanical processes thus forms a complex, interdepen-
dent system that requires holistic investigation [16].

5.2.	Long-Term Evolution of Aquifer Systems 
after Grouting
While the immediate effects of floor grouting are 

often well documented, the long-term evolution of aquifer 
systems remains less understood but critically important. 
Over extended timescales, the initial conditions established 
by grouting undergo gradual changes due to ongoing phys-
ical and chemical processes. These include stress redistri-
bution, groundwater flow adjustment, and continued geo-
chemical reactions. One of the key aspects of long-term 
evolution is the stability of permeability reduction. Al-
though grouting may initially achieve significant decreas-
es in hydraulic conductivity, these effects may diminish 
over time. Mechanical phenomena such as creep, tension 
relaxation, and mining-induced disturbances can lead to 
the reopening of fractures or the formation of new ones. 
Simultaneously, geochemical processes such as dissolu-
tion of grout material or the change of secondary minerals 
can alter the composition of the treated zone. Groundwater 
chemistry also evolves over time as the system approach-
es a new equilibrium. The high pH conditions induced by 

oxidation of sulfide minerals in the host rock. These isoto-
pic signatures provide insights into the relative contribu-
tions to the observed groundwater chemistry. Geochemical 
modeling, often coupled with isotopic data, enables quan-
titative simulation of water–rock–grout interactions. Such 
models can predict the evolution of chemical species over 
time and help identify dominant reaction mechanisms. 
When calibrated with field data, they offer a powerful 
means of assessing the impacts of grouting under different 
scenarios.

However, the application of tracing techniques is 
not without limitations. Isotopic signals may be influenced 
by multiple overlapping processes, making interpretation 
challenging. Additionally, the cost and technical require-
ments of isotopic analysis may limit their use in large-scale 
monitoring programs. Despite these challenges, tracing 
techniques remain indispensable for advancing the under-
standing of geochemical processes in grouted aquifer sys-
tems [44].

5.	 Coupled Hydrogeological–Geo-
chemical Processes and Environ-
mental Implications

5.1.	Coupling Mechanisms between Physical 
and Chemical Changes
The impacts of floor grouting renovation on aquifer 

systems cannot be fully understood without considering 
the strong coupling between hydrogeological and geo-
chemical processes. Grouting simultaneously alters the 
subsurface’s physical structure and introduces reactive ma-
terials, creating a dynamic system in which flow, transport, 
and chemical reactions interact continuously. This coupling 
is particularly evident in fractured aquifers, where fluid 
flow pathways are highly sensitive to both mechanical and 
chemical changes. From a mechanistic perspective, hydro-
geological changes, such as reductions in permeability and 
modifications to flow paths, directly influence the trans-
port of dissolved species. Slower groundwater velocities 
in grouted zones can increase residence time, thereby en-
hancing the extent of water–rock–grout interactions. This 
prolonged contact facilitates dissolution and precipitation 
reactions, which in turn may further modify pore struc-
tures. For instance, the precipitation of secondary minerals 
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that rely on groundwater, such as wetlands and fed habi-
tats, are particularly sensitive to these changes. Variations 
in groundwater chemistry and flow can affect soil prop-
erties, vegetation patterns, and the distribution of aquatic 
organisms. For example, increased alkalinity may alter 
nutrient availability, while changes in redox conditions can 
impact microbial communities and biogeochemical cycles. 
These ecological responses are often complex and may not 
be immediately apparent, requiring integrated approaches 
that consider both hydrological and biological factors [47].

It is important to note that the magnitude of these 
impacts depends on the scale and characteristics of the 
grouting operations. In some cases, the effects may be lo-
calized and transient, whereas in others, they may extend 
over considerable distances and persist for long durations. 
Despite growing awareness of these issues, there remains 
a lack of comprehensive studies linking grouting activities 
to regional environmental outcomes. This gap underscores 
the need for multidisciplinary research that integrates hy-
drogeology, geochemistry, and ecology [46] .

5.4.	Risk Assessment and Environmental Man-
agement Strategies
Given the potential environmental implications 

of floor grouting, systematic risk assessment and man-
agement strategies are essential for ensuring sustainable 
mining practices [9]. Risk assessment involves the identifi-
cation, evaluation, and prioritization of potential adverse 
effects associated with grouting activities. This requires a 
thorough understanding of site-specific conditions, includ-
ing geological structure, hydrogeological characteristics, 
and baseline groundwater quality.

One of the chief challenges in risk assessment is the 
inherent uncertainty associated with subsurface systems. 
The heterogeneity of geological formations and the com-
plexity of coupled processes make it difficult to predict 
outcomes with high confidence [15]. Probabilistic approach-
es and scenario analysis are increasingly used to evaluate 
potential risks under different conditions. These methods 
allow for the consideration of multiple variables and help 
identify critical factors influencing system behavior.

Environmental management strategies aim to miti-
gate identified risks and optimize the benefits of grouting. 
Material selection is a key aspect, with increasing em-
phasis on environmentally friendly grouts that minimize 

cement-based grouts may gradually decrease as reactions 
with carbon dioxide and surrounding minerals occur. Sim-
ilarly, concentrations of dissolved ions introduced during 
grouting may decline due to dilution, precipitation, or ad-
sorption. However, in confined or poorly connected aqui-
fers, these changes may proceed slowly, leading to pro-
longed deviations from baseline conditions [20,45].

Another important consideration is the potential for 
delayed or secondary effects. For example, the accumula-
tion of pressure in an isolated area may eventually weaken 
the surrounding rock, resulting in sudden hydraulic failure. 
Likewise, gradual changes in geochemical conditions may 
mobilize trace elements at later stages, even if initial im-
pacts appear minimal. These delayed responses highlight 
the importance of long-term monitoring and predictive 
modeling in assessing the sustainability of grouting inter-
ventions [46].

Overall, the long-term evolution of aquifer systems 
after grouting is characterized by a transition from an 
engineered state to a new quasi-natural equilibrium. Un-
derstanding this transition requires not only detailed field 
observations but also the development of models that can 
capture the coupled processes governing system behavior 
over extended periods. 

5.3.	Impacts on Regional Groundwater Quali-
ty and Ecosystem Health
Beyond the immediate vicinity of mining operations, 

floor grouting can have broader implications for region-
al groundwater systems and associated ecosystems [14]. 
Changes in hydrogeological connectivity and groundwater 
flow patterns may alter recharge-discharge relationships, 
potentially affecting the availability of water resources in 
the surrounding area. For instance, the isolation of aqui-
fers through grouting may reduce natural recharge rates or 
disrupt connections with surface water bodies, leading to 
changes in water levels and flow regimes. 

Geochemical alterations induced by grouting can 
also propagate beyond the treated zone, particularly in sys-
tems with active groundwater circulation. Elevated pH lev-
els, changes in ion composition, and the presence of trace 
elements may influence water quality over larger spatial 
scales. In regions where groundwater is used for drinking 
or irrigation, such changes may have direct implications 
for human health and agricultural productivity. Ecosystems 
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chemical impacts. In engineering design, can also be opti-
mized to reduce over-injection and limit the extent of dis-
turbance to aquifer systems. In addition, implementing re-
al-time monitoring systems enables adaptive management, 
allowing timely adjustments based on observed conditions. 
Long-term monitoring programs are particularly important 
for assessing the effectiveness of management measures 
and detecting delayed impacts. These programs should in-
clude both hydrogeological and geochemical parameters, 
as well as, where appropriate, ecological indicators. Data 
obtained from monitoring can inform model refinement 
and improve future decision-making [31].

Despite these advancements, challenges remain in 
translating scientific understanding into practical guide-
lines. Regulatory frameworks may vary across regions, and 
there is often a lack of standardized criteria for evaluating 
grouting impacts. Bridging this gap requires collaboration 
between researchers, industry practitioners, and policy-
makers to develop comprehensive and consistent manage-
ment approaches.

5.5.	Modeling Approaches for Coupled Pro-
cesses
Modeling plays a crucial role in advancing the un-

derstanding of coupled hydrogeological and geochemical 
processes associated with floor grouting [46]. Numerical 
models provide a means of integrating diverse data sets 
and simulating system behavior under various scenarios. 
These models range from relatively simple analytical solu-
tions to highly complex dimensional simulations that in-
corporate multiple interacting processes.

Coupled hydrogeological–geochemical models typ-
ically integrate groundwater flow equations with solute 
transport and reaction kinetics. Such models can simulate 

the diffusion of grout, the evolution of permeability, and 
the evolution of groundwater chemistry over time. When 
extended to include mechanical processes, these models 
become hydro-mechanical–chemical (HMC) frameworks 
capable of capturing the full range of interactions occur-
ring in grouted systems [24].

One of the advantages of modeling is its ability to 
explore scenarios that are difficult or impossible to observe 
directly in the field. For example, models can be used to 
predict long-term system evolution, assess the effective-
ness of different grouting strategies, or evaluate potential 
risks under extreme conditions. However, the reliability 
of model predictions depends heavily on the quality of in-
put data and the accuracy of underlying assumptions. Pa-
rameter uncertainty remains a significant limitation. The 
processes involved, such as reaction rates and fracture be-
havior, are difficult to quantify precisely. Calibration and 
validation of models require extensive field and laboratory 
data, which may not always be available. Additionally, the 
computational complexity of fully coupled models can be 
substantial, limiting their practical application in some cas-
es [46].

Despite these challenges, modeling remains an indis-
pensable tool for both research and practical applications. 
Ongoing developments in computational methods, data 
integration, and machine learning offer promising avenues 
for improving model performance and usability. By com-
bining modeling with field observations and experimen-
tal studies, a more comprehensive understanding of the 
coupled processes governing aquifer response to grouting 
can be achieved [48]. The key coupled processes and their 
hydrogeological and geochemical implications are synthe-
sized in Table 4.

Table 4. Summary of coupled hydrogeological–geochemical processes, feedback mechanisms, and long-term implications in grouted 
aquifer systems.
Coupled Process Hydrogeological Effect Geochemical Effect Feedback Mechanism Long-Term Implication
Mineral precipitation in 
fractures Reduced permeability Removal of ions from 

solution Enhances sealing Improved barrier stability

Mineral dissolution Increased porosity/per-
meability Release of ions Weakens structure Potential leakage path-

ways

Flow reduction Increased residence time Enhanced reactions Accelerates geochemical 
change

Long-term chemistry 
shift

Pressure redistribution Flow diversion Change reaction zones Alters transport pathways Localized risk zones

Grout degradation Loss of sealing efficiency Release of materials Weakening of the barrier Reduced long-term per-
formance
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The long-term evolution of aquifer systems follow-
ing grouting remains a critical area of uncertainty. Initial 
improvements in permeability reduction and pressure con-
trol may diminish due to mechanical relaxation, chemical 
alteration, or mining-induced disturbances. Similarly, geo-
chemical conditions may continue to evolve, with poten-
tial delayed impacts on groundwater quality. These find-
ings emphasize the necessity of long-term monitoring and 
the development of models capable of capturing coupled 
processes over extended periods. From an environmental 
perspective, the implications of floor grouting extend be-
yond the immediate mining area. Changes in groundwater 
flow and chemistry may affect regional water resources 
and groundwater-dependent ecosystems. Although these 
impacts are often localized, they can be significant in sen-
sitive or water-scarce regions. Therefore, integrating envi-
ronmental considerations into grouting design and imple-
mentation is essential.

To address these challenges, future research should 
focus on several key directions. First, there is a need for 
more integrated studies that combine hydrogeological, 
geochemical, and mechanical analyses, supported by field 
data and laboratory experiments. Second, the develop-
ment of environmentally friendly grouting materials with 
improved long-term stability should be prioritized. Third, 
advances in monitoring technologies and data integration 
are required to better characterize subsurface processes 
and reduce uncertainty. Finally, the application of coupled 
numerical models should be expanded to support deci-
sion-making and optimize grouting strategies. In summary, 
floor grouting renovation is both a powerful engineering 
tool and a significant driver of subsurface change. Its suc-
cessful and sustainable application depends on a holistic 
understanding of the complex processes it induces. By ad-
vancing interdisciplinary research and adopting integrated 
management approaches, it is possible to enhance the ef-
fectiveness of grouting while minimizing its environmental 
impacts, thereby supporting the safe and sustainable devel-
opment of coal resources.
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6.	 Conclusions
Floor grouting renovation has become an indispens-

able technique for mitigating water inrush hazards and im-
proving the safety of coal mining operations. This review 
has demonstrated that, beyond its engineering function, 
grouting exerts profound and multifaceted influences on 
aquifer systems, encompassing hydrogeological, geochem-
ical, and coupled processes that evolve over time. A com-
prehensive understanding of these impacts is essential for 
balancing mining efficiency with groundwater protection 
and environmental sustainability. From a hydrogeological 
perspective, floor grouting significantly modifies aquifer 
properties by reducing permeability, altering porosity, and 
disrupting hydraulic connectivity. These changes can ef-
fectively isolate high-pressure aquifers and reduce water 
inflow into mining regions. However, the review highlights 
that such effects are inherently heterogeneous and may 
lead to unintended consequences, including flow redistri-
bution, pressure buildup in adjacent zones, and the per-
sistence of preferential pathways. The dynamic evolution 
of fracture networks and stress conditions further compli-
cates the long-term stability of grouting outcomes.

In terms of geochemical characteristics, the introduc-
tion of grout materials initiates complex water–rock–grout 
interactions that reshape groundwater chemistry. Changes 
in pH, major ion composition, and redox conditions can 
influence mineral stability and the mobility of trace ele-
ments. While some processes, such as mineral precipita-
tion, may enhance sealing performance and immobilize 
contaminants, others may pose risks to groundwater qual-
ity. The variability of these responses across different geo-
logical settings underscores the importance of site-specific 
evaluation. 

A key insight of this review is the strong coupling 
between hydrogeological and geochemical processes. 
Physical alterations induced by grouting influence fluid 
flow and solute transport, while chemical reactions feed-
back on the aquifer’s structure and hydraulic behavior. 
This bidirectional interaction leads to nonlinear system 
evolution, making prediction and control challenging, 
particularly over long-time scales. Current research often 
treats these processes separately, resulting in a fragmented 
understanding and limited predictive capability.
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